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SYNTHESIS and CHARACTERIZATION A NEW SERIES OF FURAN-
IMINE SCHIFF BASE LIGANDS AND THEIR  GROUP IVB METAL (Ti, Zr, 
Hf) COMPLEXES 
SUMMARY 
Plastics represent one of the most important raw materials that are extremely 
common in a wide range of industrial productions as well as our daily life. The 
applications include plastic shopping bags, food packages, shampoo and detergent 
bottles, containers, storage boxes, toys, disposable diapers, sneakers, bullet-proof 
vests, and automotive interior and exterior parts (e.g., instrument panels, glass run 
channels, door trim, fuel tanks, bumpers). Thus, they have become indispensable 
materials for modern living and directly impact our daily lives in countless beneficial 
ways. 
In worldwide, the total plastics consumption will have an average growth rate of   
5% - 6%  in a year and to reach 297.5 million tons by 2015.  
In Turkey, 870 thousand tons of plastic raw materials production was produced in 
2011. In the second quarter of 2012, production was expected to remain at the same 
level. Produced raw material of plastics were composed of 21% low density 
polyethylene (LDPE), 18% polyvinyl chloride (PVC), 17% polyethylene 
teraphthalate (PET), 15% polypropylene (PP) homopolymer, 14% lineer low density 
polyethylene (LLDPE), 10% high density polyethylene (HDPE) and 5% polystyrene 
(PS). 
Polyethylene is one of the most common materials used in our daily lives and 
accounts for 40% of the total volume of world production of plastic materials, due to 
its easy handling, low production cost, low density and excellently balanced physical 
properties. 
Nowadays, tens of millions tons of polyethylene (PE) are being produced by 
conventional methods; radicalic polymerization, Phillips catalysts, Ziegler-Natta 
catalysts and metallocene catalysts. But these processes limited the product designer 
to empirical models and trial-and-error approaches. As a consequence, product 
design took much longer and required much more effort than it does today using 
molecular architecture approaches.  
In the 1990s polyolefin producers were able to use an approach to “developing and 
tailoring” polymers by innovation of metallocene catalysts technology. Thus, a 
tremendous amount of academic and industrial research during the last two decades 
has focused on the development of highly active and single-site catalysts named as 
metallocene and non-metallocene catalysts for the controlled polymerization of 
olefinic monomers.  
Group VI (Ti, Zr, Hf) metallocene and non-metallocene catalysts have been at the 
forefront of the development, creating new opportunities for producing a wide array 
xx 
 
of polymers with distinctive microstructures and enhanced performance qualities. 
These catalalysts typically possess well-defined, homogeneous active single site, 
unlike the multi-sited heterogeneous Phillips and Ziegler–Natta catalysts. Therefore, 
molecular catalysts offer the advantages of control over chain transfer reactions, 
comonomer incorporation and polymer stereochemistry, allowing access to a variety 
of polyolefinic materials with specific microstructures and narrower molecular 
weight distributions. 
The purpose of our research has been the discovery of highly active molecular 
catalysts with group VIB metal (Ti, Zr, Hf), for the polymerization of ethylene and 
their application to value-added polymers that are inaccessible with conventional 
catalysts. In general, a molecular catalyst for olefin polymerization is composed of a 
central metal, ligand(s), a growing polymer chain, a coordinated olefin and an 
activator.  
All transition metals inherently possess ethylene insertion ability, the combination of 
a transition metal and electronically flexible ligand(s) can afford a highly active 
ethylene polymerization catalyst. The ligands play the predominant role in 
polymerization catalysis among typical catalyst components. The electronically 
flexible properties of ligands were a requirement for achieving high activity 
(„„ligand-oriented catalyst design concept‟‟) as long as a cationic species derived 
from a precatalyst complex possesses enough space for ethylene polymerization. 
Therefore, transition metal complexes with fundamentally active ligands that are 
non-symmetric in nature were considered to be viable catalysts for ethylene 
polymerization.  
Nonsymmetric ligands have an electronically flexible nature and their transition 
metal complexes were considered to be viable catalysts for ethylene polymerization.  
The name fundamentally active ligands (FALs) was given to electronically flexible 
ligands that can receive electrons from the coordinating ethylene through a metal and 
release electrons whenever required to facilitate the ethylene insertion process. 
Fundamentally active ligands typically possess well-balanced electron-donating and 
withdrawing properties (evidenced by a small energy gap between HOMO and 
LUMO), which are anticipated to expedite ethylene polymerization processes.  
The focus of this thesis was to design and prepare a new series of furan-imine non-
symmetric ligands, named 1-4. They were then used to prepare novel group IVB 
metal [M = Ti; (a), Zr; (b), Hf; (c)] complexes, named 1a-1c, 2a-2c, 4a-4c. The 
complexes in turn can be used as olefin polymerization catalysts. 
The molecular structures of these new nonsymmetric ligands (1-4) were investigated 
by using the following spectroscopic methods: FT-IR, 
1
H-NMR,  
13
C-NMR, 
19
F-
NMR and GC-MS. The molecular structures of 1, 2, 3 and 4 were also identified by 
using the single crystal X-ray diffraction method. 
The IVB metal [M = Ti; (a), Zr; (b), Hf; (c)] complexes, 1a-1c, 2a-2c, 4a-4c were 
synthesized with deprotonated new nonsymmetric ligands, 1-4 and  group IVB metal 
salts MCl4 [M = Ti; (a), Zr; (b), Hf; (c)]. Their structures were investigated by using 
the FT-IR, 
1
H-NMR,  
13
C-NMR, and 
19
F-NMR spectroscopic methods. 
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YENİ FURAN-İMİN SCHIFF BAZI LİGANDLARININ VE GRUP IVB 
METAL (Ti, Zr, Hf) KOMPLEKSLERİNİN SENTEZİ VE 
KAREKTERİZASYONU 
ÖZET 
Sentetik polimerler, düşük yoğunluklu, yüksek dayanıklılığa sahip, kimyasal 
aşınmalara karşı oldukça dirençli ve uygun maliyete sahip oldukları için bir çok 
faydalı özelliğe sahiptir. Ayrıca bu malzemelerin özelliklerindeki iyileştirmelerle, 
poliolefinler günümüzde yaygın olarak kullanılan cam, kağıt, metal, ahşap ve beton 
gibi malzemelerin yerine kullanılarak sektördeki yerini aldı. Bu nedenle poliolefinler, 
modern yaşam için vazgeçilmez bir malzeme haline geldi. 
Poliolefin materyaller, yıllık tüketilen malzemelerin miktarına bağlı olarak sentetik 
polimerlerin en önemli sınıfıdır. Bu malzemeler, polietilen (PE), polipropilen (PP), 
α-olefinlerden türetilen amorf kopolimerler ve etilen-propilen-dien elastomerleri 
(EPDM) içerir. 
Plastik malzemelerin dünyadaki  üretimi yıllık yaklaşık % 5 oranında bir büyümeyle 
son 20 yılda giderek artmaktadır. Sadece 2010 yılında 265 milyon ton plastik 
üretildi. Dünya çapında, toplam plastik tüketiminin % 5 ortalama büyüme hızıyla 
2015 yılında 297.500.000 tona ulaşması bekleniyor. 
Türkiyede 2011 yılında plastik hammadde üretim miktarı 870 bin ton olarak 
gerçekleşmiş olup, 2012 yılı sonunda hammadde üretim miktarının aynı düzeyde 
kalması beklenmektedir. Üretilen plastik hammaddeler içinde; % 21 AYPE, % 18 
PVC, % 17 PET, % 15 PP Homopolimer , % 14 DAYPE, % 10  YYPE ve % 5  PS 
yer almaktadır.  
Polietilen (PE), düşük üretim maliyeti, düşük yoğunluk ve mükemmel fiziksel 
özellikleri sebebiyle günlük hayatımızda kullanılan en yaygın malzemelerden biridir. 
Dünyada toplam polimer hacminin % 40‟ı, ve Türkiyede toplam polimer hacminin % 
45‟ini PE oluşturmaktadır. 
Günümüzde PE üretimi; Radikalik polimerizasyon, Phillips katalizörleri, Ziegler-
Natta katalizörleri ve metalosenkatalizörler ile polimerizasyon gibi klasik yöntemler 
ile gerçekleşmektedir. Fakat bu yöntemler ile üretilen plastiklerin dünya çapındaki 
pazar payı çeşitli nedenlerden dolayı giderek azalmaktadır. Bu gelişmeler, yüksek 
performanslı katalizörlerin geliştirilmesi, yeni olefinlerin sentezlenmesi ve poliolefin 
üretiminin artışına önemli ölçüde katkıda bulundu.  
Son yirmi yılda akademik ve endüstriyel araştırmalar büyük miktarda olefinik 
monomerlerin kontrollü polimerizasyon için, son derece aktif moleküler 
katalizörlerin geliştirilmesi üzerine odaklanmıştır.  
İyi tasarlanmış bir katalizör; polimer kimyası, organometalik kimya ve ayrıca 
koordinasyon polimerizasyonunun başlama, büyüme ve sonlanma aşamalarının 
mekanizmalarının aydınlatılması için olağanüstü bir fırsat sunar.  
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Moleküler katalizörler, tipik olarak, çok-yerleşimli\çok-merkezli (multi-sited\multi-
centered) heterojen Phillips ve Ziegler-Natta katalizörlerinin aksine, iyi tanımlanmış, 
homojen bir aktif uca sahiptirler. Bu nedenle, moleküler katalizörlere özgü mikro ve 
dar molekül ağırlık dağılımına sahip poliolefinik malzemeler, zincir transfer 
reaksiyonlarında seçimlilik, komonomer ve polimer stereokimyası üzerinde kontrol 
avantajlar sunmaktadır.  
Tek-merkezli, (single-site) önce metalosen ve daha sonra non-metalosen 
katalizörlerin keşfi, endüstriyel alandaki ilgiyi harekete geçirdi ve dünya çapında 
grup 4 metalosen ve non-metalosenler ile sentezlenen poliolefin katalizörleri üzerine 
yapılan araştırmaları tetikledi. Bir olefin polimerizasyon katalizörü normal olarak bir 
metal, ligand(lar), büyüyen bir polimer zinciri, koordine olmuş bir olefin zinciri ve 
bir kokatalizörden (aktivatör) oluşur. 
Olefin polimerizasyonu için bir non-metalosen katalizör tasarımı, dört kısımdan 
oluşur; geçiş metali, ligand, alkil grubu ve kokatalizördür. Bu dört unsur içinde, en 
önemlisi ligandın yapısıdır. Bu nedenle, yeni ve orjinal non-metalosenleri elde etmek 
için “liganda dayalı katalizör tasarımı” gerçekleştirilmelidir. Olefin 
polimerizasyonunda kullanılmak üzere yüksek katalitik aktivite gösteren bir katalizör 
hazırlamak için gözönünde bulundurulması gereken unsurlar şunlardır: 
 Katalizörün olefin-bağlama kabiliyeti çok yüksek olmalıdır. 
 Katalizör polimerizasyon için  merkez metal atomu iki uygun cis-konuma 
sahip olmalıdır. 
 Katalizör olağan polimerleştirme şartları altında yeteri kadar kararlı olmalıdır. 
 Katalizörün merkez metal atomu yüksek oksidasyon haline sahip olmalıdır. 
 Katalizör tek çekirdekli olmalıdır. 
Bir geçiş metali ve elektronik olarak esnek bir ligandın biraraya gelerek oluşturduğu 
kompleks bileşik, yüksek katalitik aktiviteye sahip bir olefin polimerizasyon 
katalizörü oluşturabilir. Elektronik olarak esnek özelliğe sahip ligandlar, gerektiğinde 
hem elektron verme hem  elektron alma (çekme) özelliklerine sahip olmalarının 
yanında, HOMO ve LUMO orbitalleri arasında küçük bir enerji farkına sahip 
olmaları ile tanımlanabilir. Bundan dolayı bu ligandlar, olefinin eklenme sürecini 
hızlandırmak için her bir koordine olefinden metal atomuna aktarılan elektronları  
alma yeteneğine sahip olmalıdır. Bu yüzden olefin polimerizasyonu için katalizör 
tasarımı sırasında elektronik olarak daha esnek ligandlar tercih edilmektedir. Bu tür 
ligandların geçiş metalleriyle oluşturudukları bileşikler bir başlatıcı (aktivatör) 
yardımıyla aktive edilerek yüksek verimli katalizörler oluşturduğu bilinmektedir. 
Potansiyel olarak en uygun aktif katalizörlerin metal atomu çevresinde elektron 
sayısı 10-16 aralığında bulunmalı ve ayrıca ligandlar cis konumunda metal atomuna 
koordine olamalıdır.  
Bundan dolayı bu  çalışmada, son derce aktif katalizörlerin geliştirilmesi için yapılan 
araştırmalar liganda dayalı katalizör tasarımı üzerinde odaklandı. Sonuç olarak 
simetrik olmayan ve elektronik olarak esnek özelliklere sahip ligandların olefin 
polimerizasyonu için uygun katalizörler olabileceği düşünüldü. 
Bütün çalışmalar oksijen ve nemden uzak, glove box içerisinde ve Schlenk teknikleri 
kullanılarak gerçekleştiridi.  
Bu çalışmada furan-imin yapısı içeren bir seri yeni asimetrik ligand, 1-4, sentezlendi. 
Yeni asimetrik furan-imin ligandların moleküler yapısı, FT-IR, 13C-NMR, 1H-NMR, 
19
F-NMR ve GC-MS spektroskopik metotlar kullanılarak aydınlatıldı.  
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Aynı zamanda 1, 2, 3 ve 4 ligandlarının moleküler yapıları tek kristal X-ışını kırınım 
yöntemi ile aydınlatıldı. 
NaH ile deprotone edilmiş ligandların, 1-4, Ti, Zr ve Hf geçiş metal tuzları ile 
arasındaki tepkimeden yeni bileşiklerin, 1a-1c, 2a-2c, 4a-4c sentezi gerçekleştirildi. 
Sentezlenen yeni bileşiklerin moleküler yapıları FT-IR, 1H-NMR, 13C-NMR ve 19F-
NMR spektroskopik metotlar kullanılarak aydınlatıldı. 
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1.  INTRODUCTION 
              1.1 Polyolefins 
Polyolefins are polymers made from simple alkenes like ethylene, propylene or 
styrene. They are the most commonly used synthetic polymers. They represent 
approximately 50% of all commodity polymers  and 90% by weight of the global 
polymer production. There are hundreds of polyolefins grades available with 
different properties and different applications [1].
  
 
Polyolefinic materials, as represented by polyethylenes (PEs), polypropylenes (PPs), 
ethylene/ α -olefin amorphous copolymers, and ethylene/propylene/diene elastomers 
(EPDMs) are not only huge molecules, but they are also manufactured and consumed 
in huge amounts. The world average annual rate of growth of all solid polymers is 
8.1%. The production and consumption of plastics was 7 million tons in 1960 to 196 
million tons in 2005 and will continue to reach over 365 million tons in 2015 and 
540 million tons in 2020, using a more conservative estimated annual rate of 6.5 % 
[2, 3]. 
In Turkey, 870 thousand tons of plastic raw material production was achieved in 
2011. Produced raw material of plastics are given in Figure 1.1. PP, PE, PVC 
(polivinyl chloride) are produced by PETKİM (Petkim Petrochemical Inc.); this is 
80% of the total production in Turkey [4]. 
  
 Figure 1.1: Raw material plastic production of Turkey. 
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In 2011, 492 thousand tons of plastic raw materials ($894 million) were exported, 
and 5.2 million tons ($9.9 billion) were imported. In the second quarter of 2012, 297 
thousand tons of plastic raw materials ($504 million) were exported, and  2.9 million 
tons ($5.1 billion) were imported. Exports and imports were expected to reach 595 
thousand tons ($1 billion 8 thousand) and 5.7 million tons ($10.2 billion) at the end 
of the year, respectively [4]. 
There is an incredible variety of properties for polyolefins. Polyolefins from ultra-
rigid thermosets are stiffer than steel to high-performance elastomers. Moreover, 
these materials are cost-effective and furthermore, possess good chemical inertness 
and recyclability [1].
 
 
The applications include plastic shopping bags, food packages, shampoo an detergent 
bottles, containers, storage boxes, toys, disposable diapers, sneakers, bullet-proof 
vests, and automotive interior and exterior parts (e.g., instrument panels, glass run 
channels, door trim, fuel tanks, bumpers) [1]. Thus, they have become indispensable 
materials for modern living and directly impact our daily lives in countless beneficial 
ways.  
There are few chemical compositions of polyolefins; polyethylenes, polypropylenes 
and some copolymers of polyethylenes with an α -olefin. The key reason behind this 
contradiction is the molecular control of the polymerization process by the modern 
transition based metal catalysts. Transition metal catalysts makes possible to produce 
“tailor made polymers” with precisely defined properties by controlling the 
molecular weight, molecular weight distribution, and the tacticity [5].  
Metallocenes and non-metallocene catalysts are based on early transition metals 
allow an effective method for synthesis of polyolefins. Following the great success of 
the metallocene catalysts, significant efforts have been directed towards the 
discovery and application of new, highly active, single-site catalysts (non-
metallocene catalysts) [6]. 
Although a large number of families of high-performance single-site catalysts have 
been developed thus far, improvements in some aspects of catalytic performance 
(e.g., temperature stability, precise control of chain transfer, comonomer sequence 
distribution control, precise control of polymer stereochemistry, and the ability to 
incorporate sterically encumbered monomers and polar monomers) are still required.  
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Early forecasts by a variety of outside sources predict higher growth for the 
metallocene polyolefins market. Furthermore, the technology is not yet mature and 
new product offerings continue at a rapid pace and leading producers continue to be 
very profitable. A recent estimate by ChemSystems indicates strong growth still to 
come (Figure 1.2) [7].  
 
Figure 1.2: Market growth of metallocene-based polyolefins since 1999. 
1.1.1 Polyethylene 
Polyethylene with a density of 0.910 to 0.930 g/cm
3
 is classified as low-density and 
high density between 0.931-0.970 g/cm
3
. They are described by their acronyms 
HDPE, LDPE and LLDPE [10]. High Density Polyethylene (HDPE) is a linear semi-
crystalline polymer (Tm ≈ 1350C), Linear Low Density Polyethylene (LLDPE) is a 
random copolymer of ethylene and 1-olefins (e.g., 1-butene, 1-hexene or 1-octene) 
[8]. In 2002, annual production of polyethylene was approximately 55 million metric 
tons, which represented about $35 billion in sales [8]. Growth expectations were 
approximately 5% a year, reaching over 85 million metric tons in 2010 [8]. Thus 
global polyethylene industry experienced strong growth recent years and is expected 
to continue advancing as it reaches approximately $148.1 billion in 2017 [9]. These 
are produced commercially by Phillips catalysts [10], Ziegler [11] and metallocenes 
[12]. On the other hand, Low Density Polyethylene (LDPE) is a branched 
homopolymer prepared at high temperatures and high pressures through a process of 
free radicals [13]. 
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Demand for metallocene-based polyethylene represents only a small percentage of 
the market. However, analysts have seen a growth of about 30 percent a year, from 1 
million tons in 2000 to 17 million tons in 2010, as superior metallocene polyethylene 
products displace those made from other plastics or from glass, paper and metal. By 
decade‟s end, metallocene-based polyethylene is expected to represent more than one 
fifth of the total polyethylene market (Figure 1.3) [7]. All research indicates the 
highest growth will be during 2012-2017. China and India are expected to drive the 
polyethylene industry due to low-cost labor, downstream processing capacity 
additions, and government-supported subsidy packages [9]. 
 
Figure 1.3: Market groth of polyethylene from 1997. 
1.2 Transition Metal Catalysts for Olefin Polymerization 
In the past, the term „„Ziegler–Natta catalysts‟‟ was used as a general expression that 
describes a variety of catalysts based on transition metal compounds capable of 
polymerizing and copolymerizing alkenes and dienes. However, the development of 
numerous new catalysts for alkene polymerization in the last 20 years called for 
separation of all transition metal-based polymerization catalysts into several groups 
[14]. 
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1.2.1 Phillips catalysts 
 
 
Figure 1.4: Chromium based Philips catalyst. 
The first group of catalysts constitutes chromium-based catalysts. Historically, 
chromium oxide catalysts were the first transition metal catalysts used for alkene 
polymerization; J. P. Hogan and R. L. Banks (USA) discovered them in the early 
1950s. Phillips Petroleum Company extensively used these catalysts for the 
polymerization of ethylene to high molecular, highly crystalline ethylene 
homopolymers. Later, researchers at Phillips Petroleum Company have found that 
the same type of catalyst, after modification, is suitable for the polymerization of 
other alkenes and for alkene copolymerization reactions [14]. 
 1.2.2 Ziegler-Natta catalysts 
 
Figure 1.5: Monometallic Ziegler-Natta polymerization mechanism. 
The second group of catalysts which includes mostly titanium and vanadium-based 
catalysts, has retained the name „„Ziegler–Natta catalysts.‟‟ These catalysts are 
named after Karl Ziegler (Germany) and Giulio Natta (Italy). In the early 1950s, 
these chemists discovered the first catalytically active compositions for alkene 
polymerization, determined principles of their action, and investigated the structures 
and properties of polymers produced with the catalysts. The monumental 
contributions of Ziegler and Natta received universal recognition and these scientists 
were jointly awarded the Nobel Prize in chemistry in 1963. Ziegler–Natta catalysts 
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have been used in the commercial manufacture of various polymeric materials since 
1956 [14]. 
1.2.3 Metallocene catalysts 
The third catalyst group is commonly called „„metallocene polymerization 
catalysts.‟‟ D. Breslow (USA) and G. Natta discovered the first metallocene catalysts 
for alkene polymerization soon after the original discovery of the Ziegler–Natta 
catalysts. The early metallocene catalysts had relatively low activity and were 
regarded as most suitable for academic research [15]. However, German scientists 
W. Kaminsky and H. Sinn in 1976 discovered a new class of metallocene catalyst 
systems that exhibit extremely high activity [14]. A large number of metallocene 
complexes can be used in Kaminsky–Sinn catalysts.  They usually belong to the 
following classes: 
Bis(cyclopentadienyl) complexes Cp2MX2, where M is Titanium, Zirconium, or 
Hafnium, and X are halogen atoms, H, or small alkyl groups. The cyclopentadienyl 
groups can carry various alkyl substituents. 
Bis-metallocene complexes in which one or both ligands are indenyl groups C9H7, 
tetrahydroindenyl groups, C9H11, or fluorenyl groups, C13H9. 
Bridged metallocene complexes with cyclopentadienyl, indenyl, tetrahydroindenyl, 
and fluorenyl ligands. The bridges connect two cyclopentadienyl rings. The most 
frequently used bridges are –CH2-CH2–, WSiMe2, WCMe2, WSiPh2, and–CHPh–
CHPh– [14]. 
 
 
 
 
Figure 1.6: Structures of different type of metallocene catalysts. 
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The structures of these metallocene complexes are shown in Figure 1.6. Among 
metallocene complexes of this type, zirconium complexes are usually preferred 
because of their high activity. When polymerization reactions with Kaminsky–Sinn 
catalysts are carried out in solution, either in an aromatic or in an aliphatic solvent, 
the [MAO]:[Zr] ratio is usually high, 1,000–2,000, although much lower ratios are 
employed under commercial conditions. Kaminsky–Sinn catalysts, when used for 
ethylene polymerization in toluene solutions at sufficiently high [Al]:[Zr] ratios 
exhibit exceptionally high activity. Many commercial polymerization processes 
require preparation of supported Kaminsky–Sinn catalysts. Nowadays, two types of 
metallocene complexes are widely used as components of catalyst systems. The first 
type of the metallocene complex contains two cyclopentadienyl rings attached to a 
transition metal atom (usually Zr, Ti, rarely Hf) and the second type contains one 
cyclopentadienyl ring. Both types of metallocene complexes were the subjects of an 
enormous volume of research, both in academia and in industry. These catalysts and 
their subsequent modifications presently compete with Ziegler–Natta catalysts for 
many applications [15]. 
In spite of the success of metallocene catalysts in polymerization reactions, they also 
exhibit some disadvantages. These catalysts need a large amount of MAO or 
expensive fluorinated borate activators to obtain adequate polymerization activity, 
which causes concern over the high cost of metallocene catalysts and the high ash 
(Al2O3) content of the product polymers. Consequently, there is a great need to 
develop new catalyst systems that can provide high catalytic activity with no need for 
a large amount of expensive cocatalysts [5]. 
1.2.4 Non-metallocene catalysts 
 
Figure 1.7: Example of a non-metallocene catalyst. 
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The fourth group includes polymerization catalysts based on hydrocarbon-soluble 
non-metallocene transition metal complexes. M. Brookhart (USA) in 1995 
discovered the first catalysts of this type. In the past several years this field 
underwent a rapid development and now encompasses well-defined complexes of 
many early-period and late-period transition metals in the Periodic Table [15]. At 
present, the development of homogeneous catalyst systems based on non-
metallocene complexes of various transition metals is the leading research area in the 
field of alkene polymerization catalysis. A large variety of multidentate complexes of 
early- and late-period transition metals is being explored. Some of these catalysts are 
relatively stable in a polar environment. They also provide the best route to the 
synthesis of alkene copolymers with polar vinyl compounds. The family of non-
metallocene homogeneous catalysts utilizes a variety of complexes of various metals, 
ranging from d
0
 metals (Sc) to lanthanoid and actinoid metals, and a large variety of 
monodentate, bidentate, and multidentate ligands containing oxygen, 
nitrogen,phosphorus, and sulfur as metal-coordinating atoms. The complexes are 
usually isolated and are well characterized by the single crystal X-ray method. They 
are transformed into polymerization catalysts using the same cocatalysts as those in 
metallocene catalysis, MAO or ion-forming activators under mild conditions [14].  
1.3 Single-Site catalysts 
The definition of a single type of active center in a catalytic polymerization reaction 
can be formulated on the basis of its kinetic and stereochemical properties. Active 
centers of a single type have the following common characteristics: 
The value of the propagation rate constant in a polymerization reaction of a particular 
alkene, as well as the rate constants of all chain transfer reactions, is the same for all 
the centers. These kinetic features lead to a particular type of the molecular weight 
distribution of any polymer produced with uniform active centers. 
The stereospecificity of all the centers of a given type (represented, e.g., by the 
probability of steric errors in homopolymer chains) is the same. This characteristics 
leads to a very narrow stereoregularity distribution of alkene homopolymers.In 
copolymerization reactions of two alkenes, relative reactivities of the alkenes are the 
same for all the centers of a given type. This characteristics leads to a narrow 
compositional distribution of alkene copolymers [2]. 
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While the multi-sited heterogeneous  Ziegler–Natta catalysts represented by MgCl2 -
supported TiCl4 catalysts currently dominate the market, molecular catalysts (single-
site catalysts) represented by group IVB metallocene catalysts and non-metallocene 
catalysts are gaining an increasing  presence in the market. Benefits of the single-site 
catalysts include the ability to produce polymers with controlled molecular weight, 
specific tacticity, improved molecular weight distribution, and better comonomer 
distribution and content [17]. With these advantages, the single site catalysts have 
allowed the preparation of a wide variety of new or differentiated polyolefinic 
materials, which include high-performance LLDPE (linear low-density 
polyethylene), polyolefinic elastomers, cyclic olefin copolymers, ethylene/styrene 
copolymers, highly isotactic and syndiotactic PPs (iPPs and sPPs), and highly 
syndiotactipolystyrenes (sPSs) [16]. 
Additionally, recently emerging non-metallocene or “post-metallocene" single-site 
catalysts (Figure 1.3) have enabled synthesizing distinctive polymers such as 
hyperbranched PE‟s, ethylene/polar monomer copolymers and higher α -olefin-based 
block copolymers, which are difficult or virtually impossible to produce using group 
4 metallocene catalysts. Moreover, the non-metallocene catalysts have provided 
systematic opportunities to study the mechanisms of the initiation, propagation, and 
termination steps of coordination (insertion) polymerization and the mechanisms of 
stereospecific polymerization [17]. This has significantly contributed to advances in 
the rational design of catalysts for the controlled copolymerization of olefinic 
monomers. Altogether, the development of high performance non-metallocene 
catalysts has made a dramatic impact on polymer synthesis and catalysis chemistry. 
There is thus great interest in the development of new non-metallocene catalysts for 
olefin polymerization with a view to achieving unique catalysis and distinctive 
polymer synthesis [18]. 
 
Figure 1.8: Examples of non-metallocene single site catalysts. 
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1.4 Insertion or coordination  Polymerisation  
Upon addition of a monomer, shown as ethylene in Figure 1.9-a, a four member 
transition state forms (Figure 1.9-b). The strained four-membered ring allows for the 
breaking of the Zr-methyl bond, and a bond between Zr and the β carbon on the 
monomer forms. Again, a fourteen electron species is created (Figure 1.9), allowing 
for the addition of another monomer.  
 
Figure 1.9: Insertion or coordination of a ethylene monomer to a metal. 
The growing polymer chain is coordinated covalently with the metal atom. A 
characteristic feature of insertion polymerization  is the mutual activation of the 
reacting bonds of both the monomer and the active site through the complexation of 
the monomer, which results in the cleavage of these bonds in the concerted reaction 
[19]. 
The coordination  step  proposed in many polymerisation systmes with coordination 
catalysts has not been fully established. Thus, the more general term „insertion 
polymerisation‟ has been used for these polymerisations systems to imply a hindered 
propagation site and to avoid implying the unproven coordination aspect. 
1.5 Activation of Catalysts 
The activation of polymerization catalysts based on coordination complexes consists 
of generating an equilibrium concentration of a coordinatively unsaturated species, 
usually cationic, that contains a reactive metal-alkyl bond and is capable of binding 
an olefin in such a manner that transfer of the alkyl ligand to the monomer can occur.  
The high activity imparted by MAO (methylaluminoxane) has caused it for many 
years to be one of the most industrially important activators in single-site olefin 
polymerization [56]. Metallocenes, in combination with the conventional aluminum 
alkyl activators used in catalyst systems, are indeed capable of polymerizing 
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ethylene, but at a very low activity. Only with the discovery and application of 
methylaluminoxane (MAO) was it possible to enhance the activity, surprisingly, by a 
factor of 10 000
9
 or more [34]. 
MAO was investigated by elementary analysis, cryoscopy, NMR measurements, and 
decomposition with HCl. It was found that MAO is a mixture of different oligomers, 
including some ring structures [34].      
Even today the exact structure is not known because there are equilibria between the 
oligomers and complexation of the oligomers with each other and with unreacted 
TMA (trimethylaluminium). MAO is a compound in which aluminum and oxygen 
atoms are arranged alternately and free valences are saturated by methyl substituents. 
MAO activates metallocene catalysts due to the presence of  Lewis acidic sites on 
some of the complex structures present in MAO [20].  
MAO as a metallocene co-catalyst serves several roles. First, MAO alkylates the 
metallocene, displacing the chlorine ligands. Second, another part of the MAO then 
abstracts one of the methyl groups, which creates a cationic metal center and a 
weakly coordinated anion. The active species of group IV metallocene systems is 
generally assumed to be a 14 electron species. The catalytic cycle for a metallocene 
activation can be seen in Figure 1.11. 
 
Figure 1.10: Activation of a metallocene precatalyst by MAO. 
The bis-(cyclopentadienyl) zirconium dichloride (Figure 1.10-a) has an electron 
count of 16. The active species (Figure 1.10-c) has 14 electrons. There may be some 
interaction between the metal and the hydrogen on the remaining methyl, called an α-
agostic interaction. This interaction helps stabilize the active species. This activation 
can also be achieved by reacting metal dialkyl complexes, usually the metal 
dimethyls LnMMe2 (M = Ti, Zr, Hf), (Ln=Ligand) with suitable Lewis acids such as 
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B(C6F5)3 and triphenylmethyl (“trityl”) salts of noncoordinating anions, or Brønsted 
acids capable of generating weakly coordinating counteranions. Among the last class 
of activators, anilinium salts such as [HNR2Ph][B(C6F5)4] (R = Me, Et) have been 
widely used [20].  
 
 
Figure 1.11: Activation of a Non-Metallocene precatalyst by borate cocatalyst. 
1.6 Termination of Polymerization 
One of the most important properties of a polymer is its average chain length. For 
metal-catalyzed oleﬁn polymerization, the degree of polymerization is determined by 
the ratio between the rate of propagation and those of all possible chain termination 
mechanisms. Control of the termination reactions through catalyst and activator 
modification offers a way to control the avarage molecular weight in single-site 
catalysed olefin polymerisations [22]. In the absence of an external chain transfer 
agent, chain termination in ethylene polymerization with methylaluminoxane (MAO) 
as activator can occur by three principle routes: -hydrogen transfer to monomer (A),  
-hydrogen transfer to metal (B), and chain transfer to aluminum (C) [21]. The 
termination routes A is unimolecular and independent of monomer concentration, 
unlike the termination route B, which is bimolecular and dependent on the monomer 
concentration. The termination route C is dependent on activator (aluminum) 
concentration. Figure 1.12 presents the main termination routes. The termination 
mechanisms and the effect of catalyst structure on ethylene polymerizations have 
been widely investigated and reviewed in the literature [21,22]. 
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Figure 1.12: Most common termination routes in ethylene polymerization. 
14 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
15 
 
2.  SCHIFF BASES 
Hugo Schiff described the condensation between an aldehyde and an amine leading 
to a Schiff base in 1864. Schiff bases have a chelating structure and are in demand 
because they are straightforward to prepare and are moderate electron donors with 
easily-tunable electronic and steric effects, thus being versatile. Schiff bases are 
compounds having a formula RR′C=NR′′ where R is an aryl group, R′ is a hydrogen 
atom or methyl group and R′′ is either an alkyl or aryl group. However, usually 
compounds where R′′ is an alkyl or aryl group and R′ is an alkyl or aromatic group 
are also counted as Schiff bases. The Schiff base class is very versatile as compounds 
can have a variety of different substituents and they can be unbridged or bridged. 
Most commonly Schiff bases have NO or N2O2-donor atoms but the oxygen atoms 
can be replaced by sulphur, nitrogen, or selenium atoms. 
2.1 Synthesis of Schiff Bases 
There are several reaction pathways to synthesize Schiff bases. The most common is 
an acid-catalysed condensation reaction of amine and aldehyde or ketone under 
refluxing conditions. The first step in this reaction is an attack of nucleophilic 
nitrogen atom of amine on the carbonyl carbon, resulting in a normally unstable 
carbinolamine intermediate. The reaction can reverse to the starting materials, or 
when the hydroxyl group is eliminated and a C=N bond is formed an imine can be 
formed. Many factors affect the condensation reaction, for example, the pH of the 
solution as well as the steric and electronic effects of the carbonyl compound and 
amine. As amine is basic, it is mostly protonated in acidic conditions and thus cannot 
function as a nucleophile and the reaction cannot proceed. Furthermore, in very basic 
reaction conditions the reaction is hindered as sufficient protons are not available to 
catalyse the elimination of the carbinolamine hydroxyl group. In general, aldehydes 
react faster than ketones in Schiff base condensation reactions as the reaction centre 
of aldehyde is sterically less hindered than that of ketone. Furthermore, the extra 
carbon of ketone donates electron density and thus makes the ketone less 
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electrophilic compared to aldehyde. The presence of dehydrating agents normally 
favours the formation of Schiff bases [23].  
Magnesium sulfate (MgSO4) is commonly employed as a dehydrating agent. The 
water produced in the reaction can also be removed from the equilibrium using a 
Dean Stark apparatus when conducting the synthesis in toluene or benzene. Finally, 
ethanol, at room temperature or in refluxing conditions, is also a valuable solvent for 
the preparation of Schiff bases. Degradation of the Schiff bases can occur during the 
purification step. Chromatography of Schiff bases on silica gel can cause some 
degree of decomposition of the Schiff bases, through hydrolysis. In this case, it is 
better to purify the Schiff base by crystallization. If the Schiff bases are insoluble in 
hexane or cyclohexane, they can be purified by stirring the crude reaction mixture in 
these solvents, sometimes adding a small portion of a more polar solvent (Et2O, 
CH2Cl2), in order to eliminate impurities. In general, Schiff bases are stable solids 
and can be stored without precautions [23]. 
2.2 Schiff Base Complexes of Transition Metals 
 
Figure 2.1: Preparation of salen type Schiff base complexes. 
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Schiff base ligands are able to coordinate metals through imine nitrogen and also 
other possible donor atoms. Modern chemists still prepare Schiff bases, nowadays 
furan and thiophene derivatives of Schiff base ligands are considered "privileged 
ligands." In fact, Schiff bases are able to stabilize many different metals in various 
oxidation states, controlling the performance of metals in a large variety of useful 
catalytic transformations. Schiff bases are also able to transmit chiral information to 
produce nonracemic products through a catalytic process; chiral aldehydes or chiral 
amines can be used. From a practical point of view, the aspects involved in the 
preparation of Schiff base metal complexes are spread out in the literature [23, 24]. 
In many catalytic applications, Schiff base metal complexes are prepared in situ by 
producing a reaction between the Schiff base and commercially available metal 
complexes. This approach is clearly simple and suitable for catalytic applications. 
Essentially, five different synthetic routes can be identified for the preparation of 
Schiff base metal complexes [23]. 
Route 1 involves the use of metal alkoxides (M(OR)n). For early transition metal 
alkoxide (M = Ti, Zr), derivatives are commercially available and easy to handle, 
while the use of other metal alkoxide derivatives is more problematic, particularly in 
the case of highly moisture-sensitive derivatives of lanthanides. The introduction of a 
bulky group in the Schiff bases can control the stability of the complex, by shifting 
the equilibrium towards the formation of a single product. Metal alkoxides are 
sensitive to hydrolysis and the presence of adventitious water can result in the 
formation of μ-oxo species. Additionally, metal Schiff bases bearing alkoxide groups 
as ligands, are sensitive to traces of water, producing various µ-oxo species. The 
presence of adventitious water is difficult to control, especially when the reaction 
between the Schiff bases and the metal alkoxide is performed in situ. The formation 
of µ-oxo species can cause difficulties in reproducing the results of catalytic 
reactions [23]. 
Route 2 involves the reaction of metal amides M(NMe2)4 (M = Ti, Zr), which are 
also highly suitable precursors for the preparation of Schiff base metal complexes of 
early transition metals. The reaction occurs via the elimination of the acidic proton of 
the Schiff base, occurring at the same time as the formation of volatile NHMe2 [23]. 
In route 3, a Schiff base metal complex can be prepared in a clean and effective way 
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using metal alkyl complexes as precursors. Various metal alkyls in the main group of 
metals (AlMe3, GaMe3, InMe3) are commercially available and can be used in the 
preparation of Schiff bases by a direct exchange reaction. Alkyl titanium and 
zirconium tetrabenzyl complexes are used in the preparation of Schiff base metal 
complexes that are active as polymerization catalysts. These alkyl reagents are 
obtained from titanium and zirconium halides by the reaction of a benzyl Grignard 
reagent [23]. 
In route 4, many Schiff base metal complexes can be obtained by the treatment of 
the Schiff base with the corresponding metal acetate, normally by heating the Schiff 
base in the presence of the metal salt under reflux conditions. Copper, cobalt and 
nickel Schiff bases are prepared using the corresponding acetate M(OAc)2 (M =Ni, 
Cu, Co) [23]. 
In route 5, instead of using acetate, a direct reaction with metal halides is also 
possible. In fact, early transition Schiff bases are sometimes prepared by direct 
reaction with TiCl4 or ZrCl4 [23].  
2.3 Current Studies on Non-metallocene Catalysts with New Schiff Bases 
2.3.1 Phenoxy-imine-based catalysts 
A series of new non-metallocene compounds containing phenoxy-imine were 
synthesized as part of the “The Synthesis of the Butanesulfonylhydrazones‟ Zr(IV), 
Hf(IV) complexes as New Generation Non-metallocene Catalysts and the 
Investigation of Catalytic Activity in Olefin Polymerization” doctoral thesis study 
[35]. Preparation of phenoxy-imine containing Schiff bases and their non-
metallocene complexes were given in Figure 2.2 and Figure 2.3, respectively. The 
catalytic activity in the polymerization of ethylene of complexes  were presented in 
Table 2.1 [35]. 
 
Figure 2.2: Preparation of Phenoxy-imine containing Schiff bases. 
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Figure 2.3: Preparation of phenoxy-imine containing non-metallocene catalysts. 
Table 2.1: Ethylene/1-hexene polymerization results.  
catalyst Cat.(mol) MAO(mol) activity
a
 Tm(
0
C) 
1 1x10
-6
 5x10
-3
 17,89 126 
2 1x10
-6
 5x10
-3
 13,2 148 
3 1x10
-6
 5x10
-3
 31,25 136 
4 1x10
-6
 5x10
-3
 41,29 138 
5 1x10
-6
 5x10
-3
 100 - 
6 1x10
-6
 5x10
-3
 218,75 - 
ZrCp2Cl2
b
 1x10
-6
 5x10
-3
 31,25 - 
TiCp2Cl2
b
 1x10
-6
 5x10
-3
 trace 
amounts 
- 
           Conditions: 80oC, 8 bar ethylene gas feed to constant pressure, comonomer: n-hexen, 
            solvent: toluene (500 mL  time: 2 hours 
                a kg-polymer/mol-M.h.bar 
                b commercially available metallocenes as reference 
2.3.2 Pyrrole-imine and indole-imine-based catalysts 
Non-metallocene pyrrole-imine and indole-imine were synthesized as part of another 
doctoral study, entitled “New-Generation Non-metallocene Catalysts for Olefin 
Polymerization.” [36]. Preparation of pyrrole-imine and indole-imine containing 
Schiff bases and their non-metallocene complexes were given in Figure 2.4 and 
Figure 2.5, respectively [36]. 
 
Figure 2.4: Preparation of pyrrole-imine and indole-imine containing Schiff bases. 
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Figure 2.5: Preparation of pyrrole-imine and indole-imine 
      containing non-metallocene catalysts. 
 
The polymerization products, PE1a and PE4a are shown in Figure 2.6 [36]. The 
catalytic activity in the polymerization of ethylene of complexes  are presented in 
Table 2.2 [36]. 
 
 
Figure 2.6: The polyethylene sample of PE1a and PE4a. 
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Table 2.2: Ethylene/1-hexene polymerization results. 
Catalyst Activity(x103)a Activityb Tm (
0C) 
v x10
4 
(g/mol)
Hf  (j\g) χ c % 
1a 16.7 50 129.22 38 12.24 4.25 
1b 20.8 110.13 - - - - 
1c 6.7 75 - - - - 
2a 16.7 50 130.64 35 19.67 6.82 
2b 19.7 117.18 - - - - 
2c 2.68 31.25 - - - - 
3a 17.7 53.12 130.79 33 0.35 0.12 
3b 5.48 31.25 - - - - 
3c 2.80 31.4 - - - - 
4a 81.4 243.75 131.29 40 143.1 49,68 
4b 9.34 54.08 - - - - 
4c 4.77 53.12 - - - - 
5a 25.53 75 130.14 36 143.2 49,72 
5b 19.7 112.5 - - - - 
5c 3.37 37.5 - - - - 
Cp2ZrCl2 5.48 32 - - - - 
Cp2TiCl2 trace trace - - - - 
Conditions: 80
0
C, 2 h , 8 bar, ethylene gas feed to constant pressure.Complex 1 mol, MAO 1.25 
mmol as Al, charged 1-hexene 10 ml, toluene 400 ml.Crystallinity (χ c %) = Hf/Hf*.100 where Hf 
is the heat of fusion and is Hf* = 288 j/g is the heat of fusion of 100% crystalline polyethylene 
a
 
gPE\g.metal, 
b
 kgPE\mol.cat.h.bar 
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3.  GOAL OF THE THESIS  
The goal of this thesis is to synthesize and characterize a series of novel non-
metallocene catalysts by the reaction between metal IVB tetrachlorides (M = Ti, Zr, 
Hf) and newly designed furan derivatives of Schiff base ligands. Normally, an olefin 
polymerization catalyst consists of a transition metal, a ligand, an alkyl group, and a 
cocatalyst (Figure 3.1) [25]. 
 
Figure 3.1: Molecular catalyst for olefin polimerization. 
Among these catalyst components, it is believed that the ligands play the most 
important role for polymerization and, subsequently, ligand design is crucial when it 
comes to catalyst design. Therefore, “ligand-oriented catalyst design” was carried out 
in order to acquire new and original non-metallocenes. 
The general requirements for a highly active polymerization catalyst are: having high 
olefin-insertion ability(1), having two available cis-located sites for 
polymerization(2) and being stable enough under usual polymerization conditions(3) 
[26]. 
With respect to general requirement (1), ligands with moderate electron donating 
properties and ligands with coordination sites such as conjugated imine moiety were 
considered since surplus electron donation lowers catalyst reactivity and, on the other 
hand, poor electron donation insufficiently stabilizes the transition state leading to 
olefin insertion. Regarding general requirements (2) and (3), multidentate ligands 
capable by chelation of forming a five-membered ring were considered since these 
ligands are expected to generate catalysts having two available cis-located sites 
24 
needed for polymerization [27-29] and, moreover, these ligands should yield stable 
catalysts. 
In this thesis, it was also focused on nonsymmetric ligands which possessed the 
above mentioned electronic and steric factors because VIB transition metal 
complexes bearing non-symmetric ligands have been investigated less as olefin 
polymerization catalysts [30,31].  
Thus, IVB transition metal complexes having tri-dentate and non-symmetric furan-
imine ligands with moderate electron donating properties were considered to be 
viable non-metallocenes as a result of “ligand-oriented catalyst design”.  
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4.  EXPERIMENTAL PART 
4.1 General Information 
 All the manipulations for IVB metal [ M = Ti; (a), Zr; (b), Hf; (c)] complexes were 
carried out in an inert (Nitrogen) atmosphere using standard Schlenk techniques or in 
an Innovative Glovebox with an O2 level below 10 ppm and moisture level below 2.5 
ppm. All the solvents used were HPLC-grade solvents distilled prior to use in an 
Innovative Solvent Purification System with special molecular sieves and catalysts 
(activated alumina) which eliminate trace amount of water.  
Crystallographic analyses were made on a Bruker D8 Venture with graphite 
monochromated Mo Kα radiated at 100 K. All structures were solved by direct 
methods and expanded using Fourier techniques, and the nonhydrogen atoms were 
refined anisotropically. Hydrogen atoms were included but not refined. All 
calculations were performed using crystallographic software package except for 
refinement, which was performed using SHELXL-97. Gas Chromatography-Mass 
analyses were taken on a Thermo Finnigan Trace DSQ GC and Perkin Elmer Clarus 
500 spectometers. 
1
H-NMR, 
13
C-NMR and 
19
F-NMR  spectra were recorded on an 
Agilent VNMRS 500 MHz spectrometer with tetramethylsilane as internal reference. 
FT-IR Spectra of compounds were taken in a Bruker Alpha ATR inside the glove 
box. Melting temperatures of new ligands were determined using Buchi B540. 
4.2 Synthesis of N
1
-(perfluorophenyl)ethane-1,2-diamine (PFPED) 
 
Perfluorophenyl ethylenediamine was prepared according to literature [32]. 5 ml 
(0,43mol) of hexafluorobenzene was added to 2.9 ml (0,45mol) of ethylenediamine 
in 30 ml of pyridine. Then 5 g of potassium carbonate was added and the mixture 
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was reflaxed for one day. The potassium carbonate was filtered and the pyridine was 
removed in vacuo. The residue was crystallized two times from n-hexane solution. 
The product was obtained as white crystals with a 75% yield. The melting point was 
found to be 70-71
o
C. 
1
H-NMR (500 MHz, CDCl3): ppm, δ 4.16 (s, 1H, NH), δ 3.33 
(t, 2H, CH2), δ 2.92 (t, 2H, CH2), δ 1.36 (s, 2H, NH2). 13C-NMR (126 MHz, 
CDCl3): δ : 41.62, 48.42, 124.10, 124.79, 132.43, 134.38, 137.04, 138.95. 
19
F-NMR 
(470 MHz, d-CDCl3): δ -159.61 (d, o-arylF), δ -164.62 (dt, m-arylF), δ  -172.03 (tt, 
p-arylF). 
4.3 Synthesis of Ligand 1 
 
0.83g (10 mmol) of furan-2-carbaldehyde and 2.26g (10mmol) of 
perflourophenylethylenediamine together with a small amount of magnesium sulfate 
were reflaxed in 30 ml of ethanol for 24 hours. The magnesiun sulfate was filtered 
from the residue. After evaporation of ethanol, the residue was crystallized two times 
from n-hexane solution. The product was obtained as yellow crystals with an 85% 
yield.The melting point was found to be 73
0
C-74
0
C. FT-IR: ν(N-H): 3286cm-1, ν(C-
Haromatic): 2907 cm
-1, ν(C-Haliphatic): 2856 cm
-1,  ν(C=N): 1649 cm-1, ν(C=C): 1521cm1 
.
  1
H-NMR: (500 MHz, d-acetone): ppm, δ 8.15 (s, 1H, CH), δ 7.67 (d, 1H, CH), 6.83 
(d, 1H, CH), δ 6.56 (dd, 1H, CH) 4.96 (s, 1H, NH), 3.77 (t, 2H, CH2), 3.64 (t, 2H, 
CH2). 
13
C-NMR (126 MHz, d-acetone): δ : 48.86, 63.86, 114.28, 115.95, 127.40, 
136.27, 139.78, 141.74, 147.49, 153.78, 154,79. 
19
F-NMR (470 MHz, d-acetone): δ -
160.69 (d, o-arylF), δ -167.46 (dt, m-arylF), δ  -176.03 (tt, p-arylF).  
4.4 Synthesis of Ligand 2 
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1 ml (10 mmol) of 5-methyl-2-furaldehyde and 2.26g (10 mmol) of 
perflourophenylethylenediamine together with a small amount of magnesium sulfate 
were reflaxed in 30 ml of ethanol for 24 hours. The magnesiun sulfate was filtered 
from the residue. After evaporation of ethanol, the residue was crystallized two times 
from n-hexane solution. The product was obtained as yellow crystals with an 80% 
yield. The melting point was found to be 45
0
C-46
0
C.  FT-IR: ν(N-H): 3267cm-1, ν(C-
Haromatic): 3073 cm
-1, ν(C-Haliphatic): 2846 cm
-1,  ν(C=N): 1645 cm-1, ν (C=C): 1520cm-
1
.
 1
H-NMR: (500 MHz, d-acetone): ppm, δ 8.04 (s, 1H, CH), δ 6.70 (d, 1H, CH), δ 
6.18 (d, 1H, CH), δ 4.95 (s, 1H, NH), δ 3.75(t, 2H, CH2), δ 3.64 (t, 2H, CH2), δ 2.33 
(s, 3H, CH3). 
13
C-NMR (126 MHz, d-acetone): δ : 12.66, 46.27, 61.28, 107.95, 
115.20, 124.86, 127.24, 131.76, 133.67, 137.05, 138.95, 150,79, 154.88.  
19
F-NMR 
(470 MHz, d-acetone): δ -160.61 (d, o-arylF), δ -167.50 (dt, m-arylF), δ  -176.16 (tt, 
p-arylF). 
4.5 Synthesis of Ligand 3 
 
0,8 ml (10 mmol) of 2-furaldehyde and 1,30 ml (10mmol) of phenylethylenediamine 
together with a small amount of magnesium sulfate were reflaxed in 30 ml of ethanol 
for 24 hours. The magnesiun sulfate was filtered from the residue.After evaporation 
of ethanol, the residue was crystallized two times from n-hexane solution. The 
product was obtained as white crystals with 75% yield.The melting point was found 
to be 53
0
C-54
0
C. FT-IR: ν(N-H): 3299cm-1, ν(C-Haromatic): 3123-3093 cm
-1, ν(C-
Haliphatic): 2882-2842 cm
-1,  ν(C=N): 1638 cm-1, ν (C=C): 1501cm-1. 1H-NMR: (500 
MHz, d-DMSO): ppm, δ 8.13 (s, 1H, CH),  δ 7.79 (d, 1H, CH), δ 7.05 (t, 2H, CH), δ 
6.89 (d, 1H, CH), δ 6.58 (d, 2H,  CH), δ 6.57 (dd, 2H, CH), δ 6.50 (t, 1H, CH), δ 
5.55 (t, 1H,  NH), δ 3.67 (t, 2H, CH2), δ 3.26 (t, 2H, CH2). 13C-NMR: (126 MHz, d-
DMSO): δ: 44.08, 60.07, 112.34, 112.48, 114.56, 116.06, 129.32, 145.61, 149.09, 
151.34, 151.92.  
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4.6 Synthesis of Ligand 4 
 
1,10g (10 mmol) of 2-acetylfuran and 1,30 ml (10mmol) of phenylethylenediamine 
together with a small amount of magnesium sulfate were reflaxed in 30 ml of ethanol 
for 24 hours. The magnesiun sulfate was filtered from the residue.After evaporation 
of ethanol, the residue was crystallized two times from n-hexane solution. The 
product was obtained as white crystals with 80% yield.The melting point was found 
to be 54
0
C-55
0
C. FT-IR: ν(N-H): 3324cm-1, ν(C-Haromatic): 3134-3094 cm
-1, ν(C-
Haliphatic): 3080-2904 cm
-1,  ν(C=N): 1620 cm-1, ν (C=C): 1550cm-1. 1H-NMR: (500 
MHz, d-DMSO): ppm, δ 7.72 (d, 1H, CH), δ 7.05 (t, 2H, CH), δ 6.92 (d, 1H, CH), δ 
6.61 (D, 2H,  CH), δ 6.54 (dd, 2H, CH), δ 6.51 (t, 1H, CH), δ 5.54 (t, 1H,  NH), δ 
3.56 (t, 2H, CH2), δ 3.30 (t, 2H, CH2), δ 2.08 (s, 3H, CH3). 13C-NMR: (126 MHz, d-
DMSO): δ: 15.20, 44.33, 50.80, 111.60, 112.09, 112.49, 116.02, 129.33, 144.69, 
149.25, 154.13, 157.38. 
4.7 Synthesis of Complex 1a 
 
NaH (0.048 g, 2.00 mmol) was added to 10 mL THF solution of ligand 1 (0.304 g, 1 
mmol) and stirred for three hours. After evaporation of THF, the residue was 
dissolved in 10 mL toluene and the solution was cooled to -30 
0
C. Subsequently, 10 
mL toluene solution of TiCl4 (0.189 g, 1 mmol) was added dropwise to the 
previously cooled solution. The solution was continuously stirred for one day. A 
white precipitate, NaCl, was observed and filtered using Celite 545. The toluene was 
removed in vacuum and the residue was washed two times with 10 mL n-hexane. 
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A black complex was obtained with a 56% yield. IR(ATR): ν(C-Haromatic): 3120 cm
-1
, 
ν(C-Haliphatic): 3053 cm
-1,  ν(C=N): 1662 cm-1, ν (C=C): 1519cm-1. 1H-NMR: (500 
MHz, d-acetone): ppm, δ 9.21 (s, 1H, CH), δ 8.43 (d, 1H, CH), 8.15 (d, 1H, CH), δ 
7.06 (dd, 1H, CH),  4.40(t, 2H, CH2), 3.98 (t, 2H, CH2). 
13
C-NMR (126 MHz, d-
acetone): δ : 45.41, 54.55, 115.54, 116.87, 150.22, 155.74, 156.81. 19F-NMR (470 
MHz, d-acetone): δ -160.26, -166.74, -174.57. 
4.8 Synthesis of Complex 1b 
 
NaH (0.048 g, 2.00 mmol) was added to 10 mL THF solution of ligand 1 (0.304 g, 1 
mmol) and stirred for three hours. After evaporation of THF, the residue was 
dissolved in 10 mL toluene and the solution was cooled to -30 
0
C. Subsequently, 10 
mL toluene solution of ZrCl4 (0.233 g, 1 mmol) was added dropwise to the 
previously cooled solution. The solution was continuously stirred for one day. A 
white precipitate, NaCl, was observed and filtered using Celite 545. The toluene was 
removed in vacuum and the residue was washed two times with 10 mL n-hexane. A 
dark brown complex was obtained with a 72% yield. IR(ATR): ν(C-Haromatic): 3126 
cm
-1, ν(C-Haliphatic): 3022 cm
-1,  ν(C=N): 1663 cm-1, ν (C=C): 1517cm-1. 1H-NMR: 
(500 MHz, d-acetone): ppm, δ 9.18 (s, 1H, CH), δ 8.43 (d, 1H, CH), 8.14 (d, 1H, 
CH), δ 7.06 (dd, 1H, CH),  4.98 (t, 2H, CH2), 3.97 (t, 2H, CH2). 13C-NMR (126 
MHz, d-acetone): δ : 45.41, 54.55, 115.54, 116.87, 150.22, 155.74, 156.81. 19F-NMR 
(470 MHz, d-acetone): δ -160.46, -166.91, -175.33. 
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4.9 Synthesis of Complex 1c 
 
NaH (0.048 g, 2.00 mmol) was added to 10 mL THF solution of ligand 1 (0.304 g, 1 
mmol) and stirred for three hours. After evaporation of THF, the residue was 
dissolved in 10 mL toluene and the solution was cooled to -30 
0
C. Subsequently, 10 
mL toluene solution of HfCl4 (0.320 g, 1 mmol) was added dropwise to the 
previously cooled solution. The solution was continuously stirred for one day. A 
white precipitate, NaCl, was observed and filtered using Celite 545. The toluene was 
removed in vacuum and the residue was washed two times with 10 mL n-hexane. A 
pale brown complex was obtained with a 63% yield. IR(ATR): ν(C-Haromatic): 3122 
cm
-1, ν(C-Haliphatic): 2979 cm
-1,  ν(C=N): 1663 cm-1, ν (C=C): 1517cm-1. 1H-NMR: 
(500 MHz, CDCl3): ppm, δ 8.35 (s, 1H, CH), δ 7.73 (d, 1H, CH), 7.23 (d, 1H, CH), δ 
6.61 (dd, 1H, CH),  3.67(t, 2H, CH2), 3.97 (t, 2H, CH2). 
13
C-NMR (126 MHz, d-
acetone): δ : 45.41, 54.55, 115.54, 116.87, 150.22, 155.74, 156.81. 19F-NMR (470 
MHz, d-acetone): δ -160.46, -166.91, -175.33. 
 4.10 Synthesis of Complex 2a 
 
NaH (0.048 g, 2.00 mmol) was added to 10 mL THF solution of ligand 2 (0.318 g, 1 
mmol) and stirred for three hours. After evaporation of THF, the residue was 
dissolved in 10 mL toluene and the solution was cooled to -30 
0
C. Subsequently, 10 
mL toluene solution of TiCl4 (0.189 g, 1 mmol) was added dropwise to the 
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previously cooled solution. The solution was continuously stirred for one day. A 
white precipitate, NaCl, was observed and filtered using Celite 545. THF was 
removed in vacuum and the residue was washed two times with 10 mL n-hexane. A 
balck complex was obtained with a 57% yield. IR(ATR): ν(C-Haromatic): 3227 cm
-1
, 
ν(C-Haliphatic): 2980 cm
-1,  ν(C=N): 1660 cm-1, ν (C=C): 1518cm-1. 1H-NMR: (500 
MHz, d-acetone): ppm, δ 9.03 (s, 1H, CH), δ 8.08 (d, 1H, CH), δ 6.74 (d, 1H, CH), δ 
4.32(t, 2H, CH2), δ 3.94 (t, 2H, CH2), δ 2.57 (s, 3H, CH3). 13C-NMR (126 MHz, d-
acetone): δ : 14.69, 45.52, 53.39, 112.03, 114.39, 140.14, 144,.36, 155.07.  19F-NMR 
(470 MHz, d-acetone): δ: -160.11, -166.82, -174.85. 
4.11 Synthesis of Complex 2b 
 
NaH (0.048 g, 2.00 mmol) was added to 10 mL THF solution of ligand 2 (0.318 g, 1 
mmol) and stirred for three hours. After evaporation of THF, the residue was 
dissolved in 10 mL toluene and the solution was cooled to -30 
0
C. Subsequently, 10 
mL toluene solution of ZrCl4 (0.232 g, 1 mmol) was added dropwise to the 
previously cooled solution. The solution was continuously stirred for one day. A 
white precipitate, NaCl, was observed and filtered using Celite 545. THF was 
removed in vacuum and the residue was washed two times with 10 mL n-hexane. A 
pale brown complex was obtained with a 70% yield. IR(ATR): ν(C-Haromatic): 3027 
cm
-1, ν(C-Haliphatic): 2980 cm
-1,  ν(C=N): 1660 cm-1, ν (C=C): 1518cm-1. 1H-NMR: 
(500 MHz, d-acetone): ppm, δ 9.03 (s, 1H, CH), δ 8.08 (d, 1H, CH), δ 6.74 (d, 1H, 
CH), δ 4.32(t, 2H, CH2), δ 3.94 (t, 2H, CH2), δ 2.57 (s, 3H, CH3). 13C-NMR (126 
MHz, d-acetone): δ : 14.69, 45.52, 53.39, 112.03, 114.39, 140.14, 144,.36, 155.07.  
19
F-NMR (470 MHz, d-acetone): δ: -160.11, -166.82, -174.85. 
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4.12 Synthesis of Complex 2c 
 
NaH (0.048 g, 2.00 mmol) was added to 10 mL THF solution of ligand 2 (0.318 g, 1 
mmol) and stirred for three hours. After evaporation of THF, the residue was 
dissolved in 10 mL toluene and the solution was cooled to -30 
0
C. Subsequently, 10 
mL toluene solution of HfCl4 (0.320 g, 1 mmol) was added dropwise to the 
previously cooled solution. The solution was continuously stirred for one day. A 
white precipitate, NaCl, was observed and filtered using Celite 545. THF was 
removed in vacuum and the residue was washed two times with 10 mL n-hexane. A 
pale brown complex was obtained with a 60% yield. IR(ATR): ν(C-Haromatic): 3023 
cm
-1, ν(C-Haliphatic): 2980 cm
-1,  ν(C=N): 1659 cm-1, ν (C=C): 1518cm-1. 1H-NMR: 
(500 MHz, d-acetone): ppm, δ 9.05 (s, 1H, CH), δ 8.10 (d, 1H, CH), δ 6.73 (d, 1H, 
CH), δ 4.33(t, 2H, CH2), δ 3.94 (t, 2H, CH2), δ 2.56 (s, 3H, CH3). 13C-NMR (126 
MHz, d-acetone): δ : 14.69, 45.52, 53.39, 112.03, 114.39, 140.14, 144,.36, 155.07.  
19
F-NMR (470 MHz, d-acetone): δ: -159.97, -166.83, -174.91. 
4.13 Synthesis of Complex 4a 
 
NaH (0.048 g, 2.00 mmol) was added to 10 mL THF solution of ligand 4 (0.228 g, 1 
mmol) and stirred for three hours. After evaporation of THF, the residue was 
dissolved in 10 mL toluene and the solution was cooled to -30 
0
C. Subsequently, 10 
mL toluene solution of TiCl4 (0.189 g, 1 mmol) was added dropwise to the 
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previously cooled solution. The solution was continuously stirred for one day. A 
white precipitate, NaCl, was observed and filtered using Celite 545. Toluene  was 
removed in vacuum and the residue was washed two times with 10 mL n-hexane. A 
pale yellow complex was obtained with 70% yield. IR(ATR): ν(C-Haromatic): 3111-
3049 cm
-1, ν(C-Haliphatic): 3021-2920 cm
-1,  ν(C=N): 1630 cm-1, ν (C=C): 1499cm-1. 
1
H-NMR: (500 MHz, DMSO): ppm, δ 8.38 (d, 1H, CH), δ 8.26 (d, H, CH), δ 7.08 (t, 
2H, CH), δ 6.96 (dd, 1H,  CH), δ 6.67 (d, 2H, CH), δ 6.56 (t, 1H, CH),  δ 3.87 (t, 2H, 
CH2), δ 3.51 (t, 2H, CH2), δ 2,58 (s, 3H, CH3). 13C-NMR (126 MHz, d-DMSO): δ : 
16.53, 41.63, 46.31, 112.81, 115.23, 116.95, 129.50, 148.15, 152.38. 
4.14 Synthesis of Complex 4b 
 
NaH (0.048 g, 2.00 mmol) was added to 10 mL THF solution of ligand 4 (0.228 g, 1 
mmol) and stirred for three hours. After evaporation of THF, the residue was 
dissolved in 10 mL toluene and the solution was cooled to -30 
0
C. Subsequently, 10 
mL toluene solution of ZrCl4 (0.232 g, 1 mmol) was added dropwise to the 
previously cooled solution. The solution was continuously stirred for one day. A 
white precipitate, NaCl, was observed and filtered using Celite 545. Toluene  was 
removed in vacuum and the residue was washed two times with 10 mL n-hexane. A 
pale yellow complex was obtained with 70% yield. IR(ATR): ν(C-Haromatic): 3111-
3049 cm
-1, ν(C-Haliphatic): 3021-2919 cm
-1,  ν(C=N): 1632 cm-1, ν (C=C): 1490cm-1. 
1
H-NMR: (500 MHz, DMSO): ppm, δ 8.37 (d, 1H, CH), δ 8.22 (d, H, CH), δ 7.07 (t, 
2H, CH), δ 6.96 (dd, 1H,  CH), δ 6.64 (d, 2H, CH), δ 6.54 (t, 1H, CH),  δ 3.85 (t, 2H, 
CH2), δ 3.49 (t, 2H, CH2), δ 2,57 (s, 3H, CH3). 13C-NMR (126 MHz, d-DMSO): δ : 
16.47, 41.53, 46.34, 112.69, 115.26, 116.85, 129.50, 148.12, 152.40. 
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4.15 Synthesis of Complex 4c 
 
NaH (0.048 g, 2.00 mmol) was added to 10 mL THF solution of ligand 4 (0.228 g, 1 
mmol) and stirred for three hours. After evaporation of THF, the residue was 
dissolved in 10 mL toluene and the solution was cooled to -30 
0
C. Subsequently, 10 
mL toluene solution of HfCl4 (0.320 g, 1 mmol) was added dropwise to the 
previously cooled solution. The solution was continuously stirred for one day. A 
white precipitate, NaCl, was observed and filtered using Celite 545. Toluene  was 
removed in vacuum and the residue was washed two times with 10 mL n-hexane. A 
pale yellow complex was obtained with 70% yield. IR(ATR): ν(C-Haromatic): 3117-
3049 cm
-1, ν(C-Haliphatic): 3021-2919 cm
-1,  ν(C=N): 1629 cm-1, ν (C=C): 1494cm-1. 
1
H-NMR: (500 MHz, DMSO): ppm, δ 8.37 (d, 1H, CH), δ 8.22 (d, H, CH), δ 7.07 (t, 
2H, CH), δ 6.96 (dd, 1H,  CH), δ 6.64 (d, 2H, CH), δ 6.54 (t, 1H, CH),  δ 3.85 (t, 2H, 
CH2), δ 3.49 (t, 2H, CH2), δ 2,57 (s, 3H, CH3). 13C-NMR (126 MHz, d-DMSO): δ : 
16.46, 41.54, 46.35, 112.69, 115.26, 116.85, 129.50, 148.14, 152.41. 
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5.  RESULT AND DISCUSSIONS 
5.1 Characterization of the Schiff Base Ligands 
In this study a series of new non-symmetrical furan-imines were prepared using a 
standard condensation method [33]. All the new non-symmetrical furan-imines were 
characterized using FT-IR, 
1
H-NMR, 
13
C-NMR and a mass spectrometer. Single 
crystals of ligands 1-4 were obtained using an n-hexane solution at 263 K and were 
characterized using X-ray diffraction. 
The structure of 1 was determined from its spectral data. The process of determining 
the structure was detailed below. The structures of the other ligands were determined 
using similar methods as those used to determine the structure of ligand 1. 
The molecular structures of 1-4 were shown in Figure 5.1, 5.2, 5.3 and 5.4. The 
crystallographic data of 1-4 were summarized in Table 5.1. and Table 5.2. 
 
 
Figure 5.1: Molecular structure of 1. 
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Figure 5.2: Molecular structure of 2. 
 
Figure 5.3: Molecular structure of 3. 
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Figure 5.4: Molecular structure of 4. 
 
 
Table 5.1: Sample and crystal data of 1 and 2. 
Identification code Ligand 1 Ligand 2 
Chemical formula C13H8F5N2O C14H11F5N2O 
Formula weight 303.21 318.25 
Temperature 100(2) K 100(2) K 
Wavelength 0.71073 Å 0.71073 Å 
Crystal size 0.100 x 0.100 x 0.300 mm 0.100 x 0.100 x 0.300 mm 
Crystal habit Light yellow needle clear intense orange-yellow square 
Crystal system orthorhombic Orthorhombic 
Space group P 1 n 1 A b a 2 
Unit cell 
dimensions 
a = 7.2950(4) Å α = 90° a = 7.8926(6) Å α = 90° 
 b = 9.1073(5) Å β = 90° b = 17.9399(15) Å β = 90° 
 c = 18.9034(11) 
Å 
γ = 90° c = 19.4299(17) Å γ = 90° 
Volume 1255.9(2) Å
3
 2751.1(4) Å3 
Z 4 8 
Density 
(calculated) 
1.603 g/cm
3
 0.145 mm
-1
 
Absorption 
coefficient 
0.154 mm
-1
 0.081 mm
-1
 
F(000) 612 1296 
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Table 5.2: Sample and crystal data of 3 and 4. 
Identification code Ligand 4 Ligand 3 
Chemical formula C14H17N2O C13H14N2O 
Formula weight 229.29 214.26 
Temperature 100(2) K 100(2) K 
Wavelength 0.71073 Å 0.71073 Å 
Crystal size 0.100 x 0.100 x 0.300 mm 0.100 x 0.100 x 0.300 mm 
Crystal habit clear light colourless rectangle clear light yellow Triangle 
Crystal system Orthorhombic Monoclinic 
Space group A b a 2 C 1 c 1 
Unit cell 
dimensions 
a = 15.04(3) Å α = 90° a = 21.256(2) Å α = 90° 
 b = 23.06(4) Å β = 90° b = 7.4833(7) Å β = 
95.160(3)° 
 c = 6.962(16) Å γ = 90° c = 6.9235(7) Å γ = 90° 
Volume 2415.(9) Å
3
 1096.82(18) Å3 
Z 8 4 
Density 
(calculated) 
1.262 g/cm
3
 1.304 g/cm
3
 
Absorption 
coefficient 
0.081 mm
-1
 0.084 mm
-1
 
F(000) 984 460 
 
According the mass data the molecular ion signal of 1 was observed as being 304.22 
(75) [M]
+
 (Figure 5.5) The mass spectral data of 1-4 were shown in Table 5.3. 
 
 
 
Figure 5.5: Mass spectrum of 1. 
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Table 5.3: Mass specral data of 1-4. 
Compound M.W. Relative intensities of the ions m/e 
    1 304.22 304 (15) [M]
+
,
    
305 (10) [M+H]
+
  
    2 318.24 318 (10) [M]
+
, 319 (5) [M+H]
+
 
    3 228.29 212.79 (5) [M-H]
+
, 292.94 (3000) [M+2K]
+
 
    4 214.26 228(10) [M]
+
, 229 (5) [M+H]
+
 
 
According to the 
1
H-NMR spectrum of 1, the imine proton, (-HC=N), was observed 
at 8.15 and furan protons appeared at 7.67, 6.83 and 6.56 ppm. A broad signal (-NH 
imine) was observed at 4.96 ppm. Aliphatic protons, N-CH2-CH2-N, were observed 
at 3.77 and 3.64 ppm (Figure 5.6). The 
1
H-NMR data of 1-4 were given in Table 5.4. 
 
 
 
 
Figure 5.6: Proton NMR spectrum of 1. 
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Table 5.4: 
1
H-NMR spectral data (ppm) of compounds 1-4. 
Compound d-solvent δ (-CH3) δ(CH2-CH2) δ(-NH) δ(C-H) Ar δ(-N=C-H) 
     1 d-acetone 
                          
- 3.64-3.77(t, 4H) 3.96 (s, H) 6.56-7.67 (2H) 
8.15 (s, H) 
     2 d-acetone 2.33(s,3H) 3.64-3.75(t, 4H) 4.95 (s, H) 618-6.70 (2H) 8.04 (s, H) 
     3 d-DMSO - 3.26-3.67(t, 4H) 5.55 (s, H) 6.50-7.78 (8H) 8.13 (s, H) 
     4 d-DMSO 2.08(s,3H) 3.30-3.56(t, 4H) 5.54 (s, H) 6.51-7.72 (8H) - 
 
According to the 
13
C-NMR spectrum of 1, -(H)C=N imin carbon was observed at 
154.16 ppm, the furan carbons were observed  at 114.38, 117.42, 147.76 and 153.78 
ppm. N-CH2-CH2-N were appeared at 49.15 and 63.79 ppm. Perfluorophenyl 
carbons were observed at 135.29, 136.62, 139.81 and 141.77 ppm (Figure 5.7). The 
13
C-NMR data of 1-4 were given in Table 5.5. 
 
 
 
 
 
 
 
Figure 5.7: Carbon NMR spectrum of 1. 
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Table 5.5: 
13
C-NMR spectral data (ppm) of compounds 1-4. 
Compound d-solvent δ (-CH3) δ(CH2-CH2) δ(C-H) Ar δ(-N=C-H) 
     1 d-acetone 
                  
- 47.04, 62.04 112.47-151.97 152.98 
     2 d-acetone 13.51 47.11, 62.13 108.80-151.62 155.73 
     3 d-DMSO - 43.38-59.37 111.78-150.64 151.22 
     4 d-DMSO 15.20 44.33-50.80 111.60-154.41 157.08 
 
According to the FT-IR spectrum of 1, (N-H) stetching vibration was appeared at 
3286 cm
-1
, the C=N) stretching mode was appeared  at 1649 cm-1. (C-H)aliphatic 
and (C-H)aromatic  appeared in the range between 2856 and 2907 cm
-1
. (C=C) also 
appeared 1521 cm
-1
 (Figure 5.8). The FT-IR data of 1-4 were given in Table 5.6. 
 
 
Figure 5.8: FT-IR spectrum of 1. 
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Table 5.6: FT-IR spectral data (cm
-1
) of compounds 1-4. 
Compound (N-H) (C-H) aromatic (C-H)alph (C=N) (C=C)
     1 
          
3286                        2907 2856 1649 1521 
     2 3287 3073 2846 1645 1520 
     3 3299 3123 2882 1638 1501 
     4 3324 3134 3080 1620 1550 
 
5.2 Characterization of 1a-1c, 2a-2c, 4a-4c 
In this study, the synthetic routes used for the complexation of 1a-1c, 2a-2c and 4a-
4c were mentioned in Part 4. The structure of 1a was determined from its spectral 
data. The process of determining the structure was detailed below. The process of 
determining the structure is detailed below. The structures of the other ligands were 
determined using similar methods as those used to determine the structure of ligand 
1a. 
In order to prepeare a complex such as 1a, the ligand had to be deprotonated by a 
suitable reactant before complexation. Therefore ligand 1 was deprotonated using 
NaH and the mixture was reacted immediately with TiCl4 and then a sudden color 
change, from light yellow to black, was observed by complex formation (1a). 
According to the 
1
H-NMR data of 1a, the broad signal of –NH (amine), disappeared. 
Furan protons shifted to upfield and observed at 7.07, 8.15 and 8.44 ppm and N-CH2-
CH2-N were observed at 3.98 and 4.39 ppm respectively. -(H)C=N showed a 
significant change and shifted from 8.15 to 9.20 ppm (Figure 5.9). 
1
H-NMR data of 
1a-1c, 2a-2c and 4a-4c were listed in  Table 5.7, 5.8 and 5.9. 
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Figure 5.9: Proton NMR spectrum of 1a. 
 
Table 5.7: 
1
H-NMR spectral data (ppm) of 1, 1a, 1b and 1c. 
Compound δ(CH2-CH2) δ(-NH) δ(C-H) Ar δ(-N=C-H) 
     1 3.64-3.77(t, 4H) 3.96 (s, H) 6.56-7.67 (3H) 8.15 (s, H) 
     1a 3.98-4.40(t, 4H)        - 7.06-8.43 (3H) 9.21 (s, H) 
     1b 3.97-4.038(t, 4H)        - 7.06-8.43 (3H) 9.18 (s, H) 
     1c 3.90-4.03(t, 4H)        - 6.74-7.93 (3H) 9.68 (s, H) 
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Table 5.8: 
1
H-NMR spectral data (ppm) of 2, 2a, 2b and 2c. 
Compound δ (-CH3) δ(CH2-CH2) δ(-NH) δ(C-H) Ar δ(H-C=N) 
     2 
             
2.33(s,3H)                       3.64-3.75(t, 4H) 3.95 (s, H) 6.18-6.70 (2H) 8.04 (s, H) 
     2a 2.57(s, 3H) 3.96-4.34(t, 4H)        - 6.75-8.14 (2H) 9.09 (s, H) 
     2b 2.57(s, 3H) 3.94-4.32(t, 4H)        - 6.74-8.08 (8H) 9.03 (s, H) 
     2c   2.56 (s, 3H) 3.94-4.33(t, 4H)        -    6.73-8.10 (8H) 9.05 (s, H) 
 
Table 5.9: 
1
H-NMR spectral data (ppm) of 4, 4a, 4b and 4c. 
Compound  δ (-CH3) δ(CH2-CH2) δ(-NH) δ(C-H) Ar 
     4 
                
2.08 (s, 3H)                         3.31-3.56(t, 4H) 5.54 (s, H) 6.51-72 (8H) 
     4a  2.58(s, 3H) 3.51-3.87(t, 4H)      - 6.56-8.38 (8H) 
     4b 2.56(s, 3H) 3.49-3.85(t, 4H)      - 6.54-8.37 (8H) 
     4c 2.56(s, 3H) 3.49-3.85(t, 4H)      - 6.54-8.37 (8H) 
 
According to the 
13
C-NMR data of 1a, the carbon atoms of the furan ring appeared in 
the range 107.98, 115,16, 134,11 and 138.42 ppm. N-CH2-CH2-N appeared at 48.18 
and 60.75 (Figure 5.10). 
13
C-NMR data of 1a-1c, 2a-2c and 4a-4c were listed in 
Table 5.10, 5.11 and 5.12. 
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Figure 5.10: Carbon NMR spectrum of 1a. 
 
Table 5.10: 
13
C-NMR spectral data (ppm) of 1, 1a, 1b and 1c. 
Compound δ (-CH3) δ(CH2-CH2) δ(C-H) Ar δ(-N=C-H) 
     1 
 
       - 47.04, 62.04 112.47-151.97 152.98 
     1a - 45.41, 53.95 115.34-155.74 156.81 
     1b - 45.15, 53.05 115.53-155.30 156.74 
     1c - 45.25, 53.25 112.53-153.30 155.94 
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Table 5.11: 
13
C-NMR spectral data (ppm) of 2, 2a, 2b and 2c. 
Compound δ (-CH3) δ(CH2-CH2) δ(C-H) Ar δ(C=N)  
     2 
         
12.66 46.27, 61.28 107.95-150.78 154.88 
     2a 14.69 45.52, 53.39 112.03-144.14 155.02 
     2b 14.69 45.52, 53.39 112.03-144.14 155.02 
     2c 14.69 45.52, 53.39 112.03-144.14 155.02 
 
Table 5.12: 
13
C-NMR spectral data (ppm) of 4, 4a, 4b and 4c. 
Compound δ (-CH3) δ(CH2-CH2) δ(C-H) Ar δ(C=N) 
     4 
         
15.20 44.33, 50.80 111.60-149.25 157.08 
     4a 16.53 41.63, 46.31 112.81-148.15 152.38 
     4b 16.47 41.53, 46.34 112.69-148.12 152.40 
     4c 16.46 41.54, 46.35 112.71-148.13 152.41 
 
According to the FT-IR spectrum of 1a, upon coordination of 1 to the metal centre, 
the C=N stretching mode showed a shift of around 14 cm
-1
, and appeared at 1663 cm
-
1
. The stretching vibrations of  (N-H) dissapeared with the complexation of 
deprotonated 1 to the metal center.
 
The
 
stetching vibrations of (C-H)aliphatic appeared 
in the range 3120-2962 cm
-1
. The
 
stetching vibrations of (C=C) were observed in 
the range 1519-1461 cm
-1
 (Figure 5.11). FT-IR data of 1a-1c, 2a-2c and 4a-4c were 
listed in Table 5.13, 5.14 and 5.15. 
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Figure 5.11: FT-IR spectrum of 1a. 
Table 5.13: FT-IR spectral data (ppm) of 1, 1a, 1b and 1c. 
Compound (N-H) (C-H) aromatic (C-H)alph (C=N) (C=C)
     1 
          
3286                                      2907 2856 1649 1521 
     1a - 3120 3053 1662 1519 
     1b - 3126 3022 1663 1517 
     1c - 3122 2979 1663 1517 
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Table 5.14: FT-IR spectral data (ppm) of 2, 2a, 2b and 2c. 
Compound (N-H) (C-H) aromatic (C-H)alph (C=N) (C=C)
     2 
          
3287                          3073 2846 1645 1520 
     2a - 3025 2921 1660 1497 
     2b - 3027 2980 1660 1513 
     2c - 3023 2978 1659 1518 
 
Table 5.15: FT-IR spectral data (ppm) of 4, 4a, 4b and 4c. 
Compound (N-H) (C-H) aromatic (C-H)alph (C=N) (C=C)
     4 
          
3324                         3134 3080 1620 1550 
     4a - 3111 3024 1630 1499 
     4b - 3111 2919 1632 1490 
     4c - 3117 2870 1629 1494 
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6.  CONCLUSION  
Nonsymmetric ligands have an electronically flexible nature and their transition 
metal complexes were considered to be viable catalysts for ethylene polymerization.  
The name fundamentally active ligands (FALs) was given to electronically flexible 
ligands that can receive electrons from the coordinating ethylene through a metal and 
release electrons whenever required to facilitate the ethylene insertion process. 
Fundamentally active ligands typically possess well-balanced electron-donating and 
withdrawing properties (evidenced by a small energy gap between HOMO and 
LUMO), which are anticipated to expedite ethylene polymerization processes.  
The focus of this thesis was to design and prepare a new series of nonsymmetric 
furan-imine derivate ligands, named 1-4. They were then used to prepare novel group 
IVB metal [M = Ti; (a), Zr; (b), Hf; (c)] complexes, named 1a-1c, 2a-2c and 4a-4c. 
The complexes in turn can be used as olefin polymerization catalysts. 
The molecular structures of these new nonsymmetric furan-imine derivate ligands (1-
4) were investigated by using the following spectroscopic methods: FT-IR, 
1
H-NMR,  
13
C-NMR, 
19
F-NMR and GC-MS. The molecular structures of 1, 2, 3 and 4 were also 
identified by using the single crystal X-ray diffraction method. 
The IVB metal [M = Ti; (a), Zr; (b), Hf; (c)] complexes, 1a-1c, 2a-2c and 4a-4c were 
synthesized with deprotonated new nonsymmetric furan-imine derivate ligands, 1-4 
and  group IVB metal salts MCl4 [M = Ti; (a), Zr; (b), Hf; (c)]. Their structures were 
investigated by using the FT-IR, 
1
H-NMR, 
13
C-NMR, 
19
F-NMR and Mass 
spectroscopic methods. 
All the spectroscopic evidence proved that the chelation of the nonsymmetric furan-
imine derivate ligands to the metal center occurred via the nitrogen and furan oxygen 
donor atoms of the ligand. 
50 
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APPENDIX A.1 
 
 
 
 
Table A.1: Sample and crystal data for 1. 
 
Identification code 1 
Chemical formula C13H8F5N2O 
Formula weight 303.21 
Temperature 100(2) K 
Wavelength 0.71076 Å 
Crystal system orthorhombic 
Unit cell dimensions a = 7.2950(4) Å α = 90° 
 b = 9.1073(5) Å β = 90° 
 c = 18.9034(11) Å γ = 90° 
Volume 1255.9(2) Å
3
  
Z 4 
Density (calculated) 1.603 g/cm
3
 
Absorption coefficient 0.154 mm
-1
 
F(000) 612 
 
 
 
Table A.2: Sample and crystal data for 2. 
 
Identification code 2 
Chemical formula C14H11F5N2O 
Formula weight 318.25 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal size 0.100 x 0.400 x 0.900 mm 
Crystal habit clear intense orange-yellow square 
Crystal system orthorhombic 
Space group P b c a 
Unit cell dimensions a = 7.8926(6) Å α = 90° 
 b = 17.9399(15) Å β = 90° 
 c = 19.4299(17) Å γ = 90° 
Volume 2751.1(4) Å
3
  
Z 8 
Density (calculated) 1.537 g/cm
3
 
Absorption coefficient 0.145 mm
-1
 
F(000) 1296 
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Table A.3: Sample and crystal data for 3. 
 
Identification code 3 
Chemical formula C13H14N2O 
Formula weight 214.26 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal size 0.300 x 0.300 x 0.800 mm 
Crystal habit clear light yellow Triangle 
Crystal system monoclinic 
Space group C 1 c 1 
Unit cell dimensions a = 21.256(2) Å α = 90° 
 b = 7.4833(7) Å β = 95.160(3)° 
 c = 6.9235(7) Å γ = 90° 
Volume 1096.82(18) Å
3
  
Z 4 
Density (calculated) 1.304 g/cm
3
 
Absorption coefficient 0.084 mm
-1
 
F(000) 460 
 
Table A.4: Sample and crystal data for 4. 
 
Identification code 4 
Chemical formula C14H17N2O 
Formula weight 229.29 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal size 0.100 x 0.500 x 0.900 mm 
Crystal habit clear light colourless rectangle 
Crystal system orthorhombic 
Space group A b a 2 
Unit cell dimensions a = 15.04(3) Å α = 90° 
 b = 23.06(4) Å β = 90° 
 c = 6.962(16) Å γ = 90° 
Volume 2415.(9) Å
3
  
Z 8 
Density (calculated) 1.262 g/cm
3
 
Absorption coefficient 0.081 mm
-1
 
F(000) 984 
 
Table A.5: Bond lengths (Å) for 1. 
 
F1-C1 1.356(15) F2-C2 1.348(13) 
F3-C3 1.356(14) F4-C11 1.373(13) 
F5-C12 1.354(14) O1-C8 1.378(15) 
O1-C13 1.388(14) N1-N2 1.298(15) 
N1-C7 1.438(15) N2-C8 1.410(17) 
C1-C2 1.361(19) C1-C12 1.398(18) 
C2-C3 1.348(18) C3-C4 1.389(16) 
C4-C5 1.343(15) C4-C11 1.412(18) 
C5-C6 1.483(15) C5-H8 0.95 
C6-C7 1.509(18) C6-H7 0.99 
C6-H6 0.99 C7-H4 0.99 
C7-H5 0.99 C8-C9 1.366(18) 
C9-C10 1.409(18) C9-H3 0.95 
C10-C13 1.344(19) C10-H1 0.95 
C11-C12 1.340(17) C13-H2 0.95 
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Table A.6: Bond angles (°) for 1. 
 
C8-O1-C13 105.3(10) N2-N1-C7 117.5(10) 
N1-N2-C8 123.1(12) F1-C1-C2 122.2(11) 
F1-C1-C12 119.4(13) C2-C1-C12 118.4(12) 
F2-C2-C3 120.3(12) F2-C2-C1 119.0(12) 
C3-C2-C1 120.7(12) C2-C3-F3 119.2(11) 
C2-C3-C4 124.0(12) F3-C3-C4 116.7(10) 
C5-C4-C3 120.1(11) C5-C4-C11 126.5(11) 
C3-C4-C11 113.3(10) C4-C5-C6 126.3(12) 
C4-C5-H8 116.8 C6-C5-H8 116.9 
C5-C6-C7 113.7(12) C5-C6-H7 109.0 
C7-C6-H7 108.9 C5-C6-H6 108.5 
C7-C6-H6 108.9 H7-C6-H6 107.6 
N1-C7-C6 110.3(10) N1-C7-H4 110.0 
C6-C7-H4 109.7 N1-C7-H5 109.2 
C6-C7-H5 109.5 H4-C7-H5 108.0 
C9-C8-O1 108.2(12) C9-C8-N2 131.9(12) 
O1-C8-N2 119.9(11) C8-C9-C10 109.7(12) 
C8-C9-H3 125.4 C10-C9-H3 124.9 
C13-C10-C9 104.1(11) C13-C10-H1 127.9 
C9-C10-H1 128.0 C12-C11-F4 116.6(11) 
C12-C11-C4 123.9(11) F4-C11-C4 119.4(9) 
C11-C12-F5 122.0(12) C11-C12-C1 119.6(12) 
F5-C12-C1 118.4(12) C10-C13-O1 112.6(11) 
C10-C13-H2 123.5 O1-C13-H2 123.9 
 
Table A.7: Bond lengths (Å) for 2. 
 
F1-C1 1.3455(17) F2-C11 1.3440(17) 
F3-C12 1.3484(17) F4-C3 1.3558(17) 
F5-C2 1.3385(18) O1-C9 1.3718(17) 
O1-C8 1.3731(17) N1-C4 1.3634(19) 
N1-C5 1.4479(18) N1-H2 0.88 
N2-C7 1.2705(18) N2-C6 1.4599(18) 
C1-C2 1.374(2) C1-C11 1.377(2) 
C2-C3 1.384(2) C3-C4 1.396(2) 
C4-C12 1.402(2) C5-C6 1.529(2) 
C5-H11 0.99 C5-H10 0.99 
C6-H8 0.99 C6-H9 0.99 
C7-C8 1.438(2) C7-H7 0.95 
C8-C14 1.358(2) C9-C13 1.352(2) 
C9-C10 1.478(2) C10-H5 0.98 
C10-H6 0.98 C10-H1 0.98 
C11-C12 1.372(2) C13-C14 1.418(2) 
C13-H4 0.95 C14-H3 0.95 
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Table A.8: Bond angles (°) for 2. 
 
C9-O1-C8 106.58(11) C4-N1-C5 127.58(12) 
C4-N1-H2 116.2 C5-N1-H2 116.2 
C7-N2-C6 117.66(12) F1-C1-C2 121.35(14) 
F1-C1-C11 120.44(15) C2-C1-C11 118.21(13) 
F5-C2-C1 119.96(14) F5-C2-C3 118.85(14) 
C1-C2-C3 121.18(14) F4-C3-C2 116.86(13) 
F4-C3-C4 120.68(13) C2-C3-C4 122.45(14) 
N1-C4-C3 127.14(13) N1-C4-C12 118.67(12) 
C3-C4-C12 114.17(12) N1-C5-C6 113.26(12) 
N1-C5-H11 108.9 C6-C5-H11 108.9 
N1-C5-H10 108.9 C6-C5-H10 108.9 
H11-C5-H10 107.7 N2-C6-C5 108.84(11) 
N2-C6-H8 109.9 C5-C6-H8 109.9 
N2-C6-H9 109.9 C5-C6-H9 109.9 
H8-C6-H9 108.3 N2-C7-C8 123.83(13) 
N2-C7-H7 118.1 C8-C7-H7 118.1 
C14-C8-O1 109.83(13) C14-C8-C7 130.79(14) 
O1-C8-C7 119.32(12) C13-C9-O1 110.04(13) 
C13-C9-C10 133.28(14) O1-C9-C10 116.68(13) 
C9-C10-H5 109.5 C9-C10-H6 109.5 
H5-C10-H6 109.5 C9-C10-H1 109.5 
H5-C10-H1 109.5 H6-C10-H1 109.5 
F2-C11-C12 119.80(13) F2-C11-C1 120.09(13) 
C12-C11-C1 120.11(14) F3-C12-C11 118.23(13) 
F3-C12-C4 117.90(12) C11-C12-C4 123.87(13) 
C9-C13-C14 106.88(13) C9-C13-H4 126.6 
C14-C13-H4 126.6 C8-C14-C13 106.68(14) 
C8-C14-H3 126.7 C13-C14-H3 126.7 
 
Table A.9: Bond lengths (Å) for 3. 
 
O1-C1 1.3636(13) O1-C2 1.3705(11) 
N1-C3 1.2791(12) N1-C4 1.4605(13) 
N2-C6 1.3954(12) N2-C5 1.4550(14) 
N2-H5 0.92 N2-H10 0.92 
C1-C11 1.3515(14) C1-H1 0.95 
C2-C10 1.3674(13) C2-C3 1.4467(13) 
C3-H15 0.95 C4-C5 1.5182(15) 
C4-H13 0.99 C4-H14 0.99 
C5-H12 0.99 C5-H11 0.99 
C6-C7 1.4016(12) C6-C12 1.4083(14) 
C7-C8 1.3956(14) C7-H6 0.95 
C8-C9 1.3926(17) C8-H7 0.95 
C9-C13 1.3961(15) C9-H2 0.95 
C10-C11 1.4286(14) C10-H4 0.95 
C11-H3 0.95 C12-C13 1.3901(14) 
C12-H9 0.95 C13-H8 0.95 
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Table A.10: Bond angles (°) for 3. 
 
C1-O1-C2 106.60(8) C3-N1-C4 115.81(8) 
C6-N2-C5 118.12(8) C6-N2-H5 107.8 
C5-N2-H5 107.8 C6-N2-H10 107.8 
C5-N2-H10 107.7 H5-N2-H10 107.1 
C11-C1-O1 110.72(9) C11-C1-H1 124.6 
O1-C1-H1 124.7 C10-C2-O1 110.07(8) 
C10-C2-C3 135.49(9) O1-C2-C3 114.43(8) 
N1-C3-C2 123.34(9) N1-C3-H15 118.3 
C2-C3-H15 118.3 N1-C4-C5 112.40(8) 
N1-C4-H13 109.1 C5-C4-H13 109.1 
N1-C4-H14 109.1 C5-C4-H14 109.1 
H13-C4-H14 107.9 N2-C5-C4 111.33(8) 
N2-C5-H12 109.4 C4-C5-H12 109.4 
N2-C5-H11 109.3 C4-C5-H11 109.3 
H12-C5-H11 108.0 N2-C6-C7 121.55(8) 
N2-C6-C12 119.79(8) C7-C6-C12 118.64(9) 
C8-C7-C6 119.91(9) C8-C7-H6 120.0 
C6-C7-H6 120.0 C9-C8-C7 121.44(9) 
C9-C8-H7 119.3 C7-C8-H7 119.3 
C8-C9-C13 118.61(10) C8-C9-H2 120.7 
C13-C9-H2 120.7 C2-C10-C11 106.03(9) 
C2-C10-H4 127.0 C11-C10-H4 127.0 
C1-C11-C10 106.59(9) C1-C11-H3 126.7 
C10-C11-H3 126.7 C13-C12-C6 120.65(8) 
C13-C12-H9 119.7 C6-C12-H9 119.7 
C12-C13-C9 120.70(9) C12-C13-H8 119.6 
C9-C13-H8 119.7  
 
 
 
Table A.11: Bond lengths (Å) for 4. 
 
O1-C3 1.376(3) O1-C11 1.374(3) 
N1-C4 1.280(4) N1-C5 1.467(4) 
N2-C7 1.387(4) N2-C6 1.455(5) 
N2-H2 0.88 C1-C11 1.347(4) 
C1-C2 1.418(5) C1-H1 0.95 
C2-C3 1.360(4) C2-H4 0.95 
C3-C4 1.463(4) C4-C14 1.509(4) 
C5-C6 1.516(5) C5-H5 0.99 
C5-H14 0.99 C6-H12 0.99 
C6-H13 0.99 C7-C8 1.403(4) 
C7-C12 1.411(5) C8-C9 1.390(5) 
C8-H7 0.95 C9-C10 1.383(5) 
C9-H8 0.95 C10-C13 1.388(5) 
C10-H2 0.95 C11-H3 0.95 
C12-C13 1.380(5) C12-H10 0.95 
C13-H9 0.95 C14-H15 0.98 
C14-H16 0.98 C14-H17 0.98 
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Table A.12: Bond angles (°) for 4. 
 
C3-O1-C11 106.3(2) C4-N1-C5 116.6(2) 
C7-N2-C6 120.9(2) C7-N2-H2 119.5 
C6-N2-H2 119.6 C11-C1-C2 106.6(2) 
C11-C1-H1 126.8 C2-C1-H1 126.6 
C3-C2-C1 107.0(2) C3-C2-H4 126.4 
C1-C2-H4 126.5 C2-C3-O1 109.6(2) 
C2-C3-C4 132.0(2) O1-C3-C4 118.4(2) 
N1-C4-C3 119.3(2) N1-C4-C14 125.1(2) 
C3-C4-C14 115.6(2) N1-C5-C6 111.0(2) 
N1-C5-H5 109.6 C6-C5-H5 109.4 
N1-C5-H14 109.5 C6-C5-H14 109.3 
H5-C5-H14 108.0 N2-C6-C5 111.3(3) 
N2-C6-H12 109.2 C5-C6-H12 109.4 
N2-C6-H13 109.5 C5-C6-H13 109.4 
H12-C6-H13 108.0 N2-C7-C8 122.2(3) 
N2-C7-C12 119.7(3) C8-C7-C12 118.0(3) 
C9-C8-C7 120.1(3) C9-C8-H7 119.9 
C7-C8-H7 120.0 C10-C9-C8 121.4(3) 
C10-C9-H8 119.4 C8-C9-H8 119.2 
C9-C10-C13 118.9(3) C9-C10-H2 120.5 
C13-C10-H2 120.7 C1-C11-O1 110.5(3) 
C1-C11-H3 124.7 O1-C11-H3 124.8 
C13-C12-C7 120.8(3) C13-C12-H10 119.7 
C7-C12-H10 119.6 C12-C13-C10 120.8(3) 
C12-C13-H9 119.6 C10-C13-H9 119.5 
C4-C14-H15 109.5 C4-C14-H16 109.5 
H15-C14-H16 109.5 C4-C14-H17 109.4 
H15-C14-H17 109.5 H16-C14-H17 109.5 
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Figure A.1: Gas chromatogram of PFPED. 
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Figure A.2: Gas chromatogram of 1. 
 
 
 
 
 
Figure A.3: Gas chromatogram of 2. 
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Figure A.4: Gas chromatogram of 4. 
 
 
 
 
 
Figure A.5: Mass spectrum of PFPED. 
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Figure A.6: Mass spectrum of 1. 
 
 
 
 
Figure A.7: Mass spectrum of 2. 
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Figure A.8: Mass spectrum of 3. 
 
 
 
 
 
 
Figure A.9: Mass spectrum of 4. 
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Figure A.10: Mass spectrum of 1a. 
 
 
 
 
 
Figure A.11: Mass spectrum of 1b. 
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Figure A.12: Mass spectrum of 1c. 
 
 
 
 
Figure A.13: Mass spectrum of 2a. 
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Figure A.14: Mass spectrum of 2b. 
 
 
 
 
 
 
Figure A.15: Mass spectrum of 2c. 
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Figure A.16: Mass spectrum of 4a. 
 
 
 
 
 
 
 
 
 
Figure A.17: Mass spectrum of 4b. 
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Figure A.18: Mass spectrum of 4c. 
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Figure A.19: Proton NMR spectrum of PFPED. 
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Figure A.20: Proton NMR spectrum of 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.21: Proton NMR spectrum of 2. 
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Figure A.22: Proton NMR spectrum of 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.23: Proton NMR spectrum of 4. 
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Figure A.24: Proton NMR spectrum of 1a. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.25: Proton NMR  spectrum of 1b. 
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Figure A.26: Proton NMR spectrum of 1c. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.27: Proton NMR spectrum of 2a. 
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Figure A.28: Proton NMR spectrum of 2b. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.29: Proton NMR spectrum of 2c. 
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Figure A.30: Proton NMR spectrum of 4a. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.31: Proton NMR spectrum of 4b. 
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Figure A.32: Proton NMR spectrum of 4c. 
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Figure A.33: Carbon NMR spectrum of PFPED. 
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Figure A.34: Carbon NMR  spectrum of 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.35: Carbon NMR spectrum of 2. 
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Figure A.36: Carbon NMR spectrum of 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.37: Carbon NMR spectrum of 4. 
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Figure A.38: Carbon NMR spectrum of 1a. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.39: Carbon NMR spectrum of 1b. 
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Figure A.40: Carbon NMR spectrum of 1c. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.41: Carbon NMR spectrum of 2a. 
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Figure A.42: Carbon NMR spectrum of 2b. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.43: Carbon NMR spectrum of 2c. 
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Figure A.44: Carbon NMR spectrum of 4a. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.45: Carbon NMR spectrum of 4b. 
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Figure A.46: Carbon NMR spectrum of 4c. 
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Figure A.47: Fluorine NMR spectrum of PFPED. 
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Figure A.48: Fluorine NMR spectrum of 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.49: Fluorine NMR spectrum of 2. 
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Figure A.50: Fluorine NMR spectrum of 1a. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.51: Fluorine NMR spectrum of 1b. 
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Figure A.52: Fluorine NMR spectrum of 1c. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.53: Fluorine NMR spectrum of 2a. 
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Figure A.54: Fluorine NMR spectrum of 2b. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.55: Fluorine NMR spectrum of 2c. 
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Figure A.56: FT-IR spectrum of PFPED. 
 
 
 
 
 
 
 
Figure A.57: FT-IR spectrum of 1. 
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Figure A.58: FT-IR spectrum of 2. 
 
 
 
 
 
 
 
 
Figure A.59: FT-IR spectrum of 3. 
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Figure A.60: FT-IR spectrum of 4. 
 
 
 
 
 
 
 
 
 
Figure A.61: FT-IR spectrum of 1a. 
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Figure A.62: FT-IR spectrum of 1b. 
 
 
 
 
 
Figure A.63: FT-IR spectrum of 1c. 
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Figure A.64: FT-IR spectrum of 2a. 
 
 
 
 
 
 
 
 
Figure A.65: FT-IR spectrum of 2b. 
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Figure A.66: FT-IR spectrum of 2c. 
 
 
 
 
 
 
 
 
 
 
Figure A.67: FT-IR spectrum of 4a. 
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Figure A.68: FT-IR spectrum of 4b. 
 
 
 
 
 
 
 
Figure A.69: FT-IR spectrum of 4c. 
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